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DETERMINING THE EFFECT OF HMGN1 OVEREXPRESSION IN DOWN
SYNDROME THROUGH THE COMPARISON OF EPIGENETIC MARKS AT
H3K27 AND PRC2 TARGET GENE EXPRESSION
SEAN FARLEY
ABSTRACT

Down syndrome (DS) is caused by the triplication of chromosome 21, but science
is still investigating the precise mechanisms by which this results in the various phenotypes,
such as anatomical abnormalities, intellectual deficits, and early development of
Alzheimer’s disease (AD). The global changes in transcriptional activity and the altered
expression of genes not transcribed from chromosome 21 point to changes to the epigenetic
landscape. One of the candidate genes for this global gene dysregulation is High Mobility
Group Nucleosome Binding Domain 1 (HMGN1I) which is triplicated in DS.

While investigating DS-associated B-cell acute lymphoblastic leukemia (B-ALL),
researchers found the triplication of HMGN1 alone led to many of the same transcriptional
and phenotypic changes that marked DS-associated B-cells from a mouse model with all
31 genes orthologous to human chromosome 21 genes triplicated. Amongst the pathways
most affected by triplication, enrichment was greatest for targets of the Polycomb
Repressive Complex 2 (PRC2) and sites of the transcriptionally repressive mark it
catalyzes, H3K27me3. HMGNI instead, promotes transcriptional activation and its
overexpression leads to a global increase in RNA transcript levels. Therefore,

overexpression of HMGNI in DS may cause an increase in transcriptional activity and



prevent the silencing of genes normally silenced by PRC2, with downstream effects on
neurogenesis and gliogenesis, abnormal cellular migration, and deviant developmental
timing that result in known DS phenotypes.

With this hypothesis, we first wanted to quantify the levels of acetylation
versus methylation at H3K27 in trisomy 21 induced pluripotent stem (iPS) cell-derived
cellular models: neural progenitor cells (NPCs) and cortical organoids and to determine if
there are measurable differences between the genotypes. We found a decrease in
H3K27me3 in 130-day-old organoids, but not in NPCs. No changes were detected in the
levels of H3K27ac. With the high comorbidity between DS and AD, and changes to the
epigenome found in both diseases, we wondered whether there were specific alterations
at H3K27 in DS-AD. To determine this, we performed an analysis of human
postmortem brain tissue from individuals with DS-AD, AD, and control and quantified
H3K27me3 and H3K27ac marks. Our data indicated that there are marginally
significant changes in H3K27me3 that are unique to DS-AD as compared to control
and AD samples. Encouraged by this data, we next measured gene expression levels of
specific PRC2 target genes increased in trisomy. Our goal was to identify the causative
relationship between the increased expression of HMGNI1 in trisomy and upregulation
of specific PRC2 target genes with known brain-related functions. We found that
enhanced expression of particular PRC2 target genes in trisomic cells could be
normalized with the short-hairpin RNA (shRNA)-induced knockdown of HMGNI

expression in trisomic NPCs.
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This implicates HMGN1 overexpression in DS in the dysregulation and
overexpression of particular genes involved in morphogenesis, neurogenesis, neuronal
migration, apoptosis, and cell viability through the antagonism of the PRC2 activity. We
provided novel evidence for a possible mechanism for the cellular, molecular, and
transcriptomic changes originating from the triplication of HMGNI that can potentially
lead to DS-related phenotypes such as intellectual disability and AD-related pathology.
Furthermore, our findings suggest a possible therapeutic avenue to mitigate these
phenotypes by regulating HMGNI expression. Taken together, our work is the first to
causatively connect HMGNI-induced epigenetic changes to DS-related brain cell

phenotypes and to point out to a potential approach for correcting them.

vil



TABLE OF CONTENTS

ACKNOWLEDGMENTS L.t v
ABSTRACT ...ttt e e e e e e e e e e ene e e nnennn v
TABLE OF CONTENTS .. enean viil
LIST OF FIGURES ... ettt X1
LIST OF ABBREVIATIONS . ...t ene e eneen Xi1
INTRODUCTION ...ttt e e e e e e e a e e e e eneeaeeneeennan 1
DOWN SYIATOINE ...t e e e e e e e e eneans 1
HIMGIN T et e e e et e e e e e e ea e e e e eneeene e e enneeneeneeneen 5
PR ettt ettt ettt enean 9.
HMGNT and DS ..ot e e e e e e e e neeneaenean 14
HMGNI 1n central nervous system (CNS) development ...............cccooooiiiiiiiiiiiiii. 17
HMGNI, PRC2, and DS ... 20

H3K27ac and H3K27me3 i post-mortem DS, AD, and DS-AD
human frontal CoOrteX tISSUE ... ..o 23
HMGNI1, PCR2, and DS brain hypothesis ...........ccooooiiiiiiiiiieeeeee e 26

Using 1PS cell-derived models (NPCs and organoids) to study HMGN1, H3K27ac, and

H3K27me3 1 DS e 28
MATERIALS AND METHODS ... 32
Generation of Neural Progenitor Cells ... 32
Generation of cortical organoids ..............ooooiiiiiiii e 33

viil



Preserving and Slicing Organoids ............cccooooioooiiooieeiiieeieeeeee e 35

Immunohistochemistry for NPCS .......c.oooiiiiiieeeeeeee e 35

Immunohistochemistry for Organoids ..............cccoooieiiioiiiiiieeeeeeeeeee e 36
Immunohistochemistry for human brain samples ..., 37
Imaging and Quantifying Mean Fluorescence Intensity.............ccoccoooioieiieiiiiecieeee 38
Lentivirus Production ..o 40
Lentivirus Collection and Concentration ...............cccooeeeerieeieeieieeeieeeee e 41
Enzyme-linked Immunosorbent Assay (ELISA) ......cooooiiiiiieoieeeeeeeeeeee e 41
Viral TranSAUCTION ..........ooiiiiiiii ettt e e eee e 42
FACS SOTTIIIG ... e e e e e e e es e e s e e e e eneeneenseeneeeneennan 43
Cells-to-CT and qPCR ..o ns 43
RESULTS .ottt e e e e e e e e e s e eseeseenneneas 46
DISCUSSION ...ttt e e e e s e e e e e e e e e e s e s e eseeseeseeseeneeneeneennennens 63
REFERENCES ...ttt e e e e e e e e e e e e e e e e e e e e s nnnnneaaeaeeaeannnnnns 73

CURRICULUM VITAE ...t e e ene e 98

X



LIST OF TABLES

Figure Title

1

2

PRC2 and Development

HMGNI1 and DS

HMGNI1 and CNS Development

Catalog numbers for ThermoFisher Scientifc/Tag-Man assays used in

qRT-PCR experiments

Page
11
15
19

45



LIST OF FIGURES

Figure Title

1 HMGNI binding to the nucleosome

2 Gliogenic shift in DS

3 Proposed consequences of HMGNI overexpression and PRC2 antagonism
in DS

4 Analysis of H3K27ac and H3K27me3 in NPCs

5 Analysis of H3K27ac and H3K27me3 in 130-day-old organoids

6 Comparing levels of H3K27me3 and H3K27ac in human brain tissue from
individuals with DS-AD and AD

7 ELISA results and determining level of HMGN1 knock-down with various
shRNA constructs

8 Results of qRT-PCR experiments to determine relative gene expression
levels of select PRC2 target genes and genes differentially expressed in
DS in euploid NPCs and NPCs transfected with the HMGN1
shRNA constructs ‘scramble’ (DS-control) and ‘B’ (DS-shRNA-HMGNT1)

9 Results of qRT-PCR experiment after FACS sorting

X1

Page

21

47

49

51

59

62



SHT:
APP:

ATAC-seq:

B-ALL:
bHLH:
BrdU:
BRWDI:
CHCHD2:
ChIP:
CHLI1:
CHUD:
CNPase:
CP:
CRLF2:
DA:

DG:
DKO:
DNMT3L:
DS:
DSCAM:
DYRKI1A:
EB:

EED:
ESC:

LIST OF ABBREVIATIONS

Serotonin

Amyloid precursor protein

Transposase-accessible chromatin sequencing
B-cell acute lymphoblastic leukemia

Basic helix-loop-helix

Bromodeoxyuridine

Bromodomain and WD repeat domain containing 1
Coiled-Coil-helix-coiled-coil-helix Domain Containing 2
Chromatin immunoprecipitation

Cell-adhesion molecule 1

Chromatin unfolding domain
2'3'-Cyclic-nucleotide 3'-phosphodiesterase
Cortical plate

Cytokine receptor-like factor 2

Dopamine

Dentate gyrus

Double-knock-out

DNA (cytosine-5)-methyltransferase 3-like

Down syndrome

DS cell adhesin molecule

Dual specificity tyrosine-phosphorylation-regulated-kinase 1A
Embryoid body

Embryonic ectoderm development

Embryonic stem cell

Xii



ETS2:
EZH2:
GEO:
HAT:
HDAC:
HESI:
HMG:
HMGNI:
HMT:
ID2:
Igfbp3:
iPSC:
1Q:
IUE:
JAK-STAT:
MAPT:
MBP:
MeCP2:
MEEF:
MGE:
Mmul6:
MNase:
MSN:
NBD:
NSC:
Olig2:

ETS proto-oncogene 2

Enhancer of zeste

Gene expression omnibus

Histone acetyltransferase

Histone deacetylase

Hairy and enhancer of split 1

High mobility group

High mobility group binding domain 1
Histone methyltransferase

Inhibitor of DNA binding 2
Insulin-like growth factor-binding protein 3
Induced pluripotent stem cell
Intelligence quotient

Intra-utero electroporation

Janus tyrosine kinase-signal transducer and activator of transcription
Microtubule-associated protein tau
Myelin basic protein

Methyl CpG-binding protein 2

Mouse embryonic fibroblast

Medial ganglionic eminence

Mouse chromosome 16

Micrococcal nuclease

Medium spiny neuron
Nuclear-binding domain

Neural stem cell

Oligodendrocyte transcription factor 2

Xiii



OPC:
PAK1:
PCSKIN:
Pdgfr-a:
PEGI10:
PFC:
PLP:
Polll:
PRC2:
PSENI:
Pvalb:
RUNXI1:
SHH:
shRNA:
SON:

Sst:
SUZ-12:
SVZ:
TC-rMNase-seq:

TSS:
XIST:

Oligodendrocyte precursor cell

P21 activated kinase 1

Proprotein convertase subtilisin/kexin type 1 inhibitor
Platelet-derived growth factor receptor alpha
Paternally expressed 10

Prefrontal cortex

Proteolipid protein

RNA polymerase I1

Polycomb repressive complex 2

Presenilin-1

Parvalbumin

Runt-related transcription factor 1

Sonic hedgehog

Short-hairpin RNA

SON RNA and DNA binding protein
Somatostatin

Suppressor of zeste

Subventricular zone

Time-course digestion with reduced MNase levels followed by high-
throughput sequencing

Transcription start site

X-inactive specific transcript

X1V



INTRODUCTION
Disclaimer: Figures and portions of the text in this chapter were originally published
as: Farley, S, Grishok, A, & Zeldich, E (2022) Shaking up the silence: consequences of

HMGNI1 antagonizing PRC2 in the Down syndrome brain.

Down Syndrome

Despite occurring in approximately 1 in 700 live births and being one of the leading
causes of intellectual disability, the specific mechanisms through which the triplication of
chromosome 21 leads to the collection of phenotypes classified as Down syndrome (DS)
and how individual genes located on chromosome 21 contribute remains debated (Centers
for Disease Control and Prevention (CDC), 2006; Lejeune et al., 1959) . The most well-
known feature of the disorder is intellectual disability, with intelligence quotient (IQ)
scores for individuals with DS ranging from 10 to 70 (Gueant, 2005). Those with DS have
deficits in executive functioning, verbal working memory, language processing, and
expressive use of the language (Baburamani et al., 2019; Lanfranchi et al., 2010; Lott &
Dierssen, 2010; Startin et al., 2016; Vicari et al., 2005). These disparities in cognitive
processing may result from underlying neurobiological differences found in individuals
with the disorder, including reduced brain volume (Pinter, Brown, et al., 2001; Pinter,
Eliez, et al., 2001), hypocellularity (Guidi et al., 2007), aberrant proliferation of neural
progenitor cells and deficient neurogenesis (Guidi et al., 2011), inappropriate cellular

migration and late cortical lamination (Utagawa et al., 2022), as well as alterations in



arborization of dendrites and the formation of synapses (L. E. Becker et al., 1986; Petit et
al., 1984; Takashima et al., 1989). There is also an abnormal shift from neurogenesis to
gliogenesis that occurs, which leads to an increase in astrocyte numbers at expense of
neurons and oligodendrocyte production that contributes to decreased neuronal numbers
and delayed and abnormal myelination (Golden & Hyman, 1994; Guidi et al., 2007; Petit
et al., 1984; Pinter, Eliez, et al., 2001).

Spatiotemporal changes in gene expression are likely at the root of these differences
found in DS, with alterations in the transcriptome of DS brain tissue apparent as early as
14 gestational weeks (Olmos-Serrano et al., 2016), and changes to the epigenetic landscape
may underlie this global transcriptomic dysregulation. This is supported by findings of
changes in gene expression in genes that are not transcribed from chromosome 21 (Olmos-
Serrano et al., 2016; Palmer et al., 2021). A study comparing gene expression between DS
and non-DS individuals in the dorsal frontal cortex (DFC) and cerebellar cortex (CBC)
specifically found that the majority of genes identified as differentially expressed (DEX)
between DS and non-DS tissue in the DFC and CBC were not located on human
chromosome 21 (HSA21). A median of 4.4% and 3.0% DEX genes were found on non-
HSA21 genes in the DFC and CBC, respectively, though HSA21 had the greatest
percentage of DEX genes out of all the chromosomes. Interestingly, in the DFC there was
an increase in the number of DEX genes as individuals aged, and gene ontology analysis
revealed they were potentially involved in nerve impulse transmission, synaptic
transmission, cell morphogenesis, cell signaling, and myelination. The genes on HSA21

were found to be upregulated the earliest, with genes located on other chromosomes



becoming more dysregulated with age. This supports what the authors term a “cascade
hypothesis” where initial changes in the expression level of genes found on HSA21 occur
first and then the effect spreads and genes on other chromosomes become increasingly
dysregulated. Although there are likely many different mechanisms influencing the
spatiotemporal changes in gene expression, our hypothesis supports alterations to the
epigenome playing a significant role. =

Further support is provided by the finding that DEX genes can be either upregulated
or downregulated (Palmer et al., 2021), indicating that factors influencing gene expression
are involved beyond a simple triplication of HSA21 genes. Indeed, if gene dosage was the
primary cause of DS there would be an expected 1.5 fold increase in triplicated gene
expression, but instead only 22% are increased in a gene-dosage manner (Ait Yahya-
Graison et al., 2007). Differences between expected and actual gene expression levels are
also seen in the Ts65Dnmouse model of DS where only 37% percent of the gene othologs
of HSA21 were overexpressed (Kahlem et al., 2004; Lyle et al., 2004). Phenotypic
variability between individuals with DS also presents a challenge for gene-dosage alone to
be responsible for the presentation of the disorder and implies a more complex set of
interactions that can be better explained by epigenetic changes.

A number of genes implicated in epigenetic regulation are located in a region of
chromosome 21 containing the q22.2 band and originally referred to as the “Down
syndrome critical region” (DSCR). This area was previously thought to be the minimum
portion of chromosome 21 whose triplication was required for the most well-known DS

phenotypes, such as the intellectual disability, which is why it was considered “critical”



(Korenberg et al., 1990; Sinet et al., 1994). Subsequent studies of segmental trisomy, where
particular portions are triplicated instead of the entire chromosome 21, have shown that
there is not a single critical region and indicate that complex genetic and epigenetic
interactions result in the various phenotypes (Cetin et al., 2012; Korbel et al., 2009;
Korenberg et al., 1994; Ronan et al., 2007). The genes implicated in epigenetic regulation
include: the chromatin regulators High Mobility Group Nucleosome Binding Domain 1
(HMGN]1), , Bromodomain and WD repeat domain containing 1 (BRWDI) [31-33], DNA
(cytosine-5)-methyltransferase 3-like (DNMT3L) (Chédin et al., 2002; Laufer et al., 2021),
and SON RNA and DNA binding protein (SON) (Ahn et al., 2008, 2011; Berdichevskii et
al., 1988; Furukawa et al., 2012; Huen et al., 2010; Mattioni et al., 1992); the transcription
factors ETS proto-oncogene 2 (ETS2) (Graves & Petersen, 1998; Heru Sumarsono et al.,
1996; J. Tymms & Kola, 1994; Jayaraman et al., 1999; Seth et al., 1989; Sevilla et al.,
1999; Sun et al., 2006; Watson et al., 1997; E. J. Wolvetang, 2003), Runt-related
transcription factor 1 (RUNXI) (Bowers et al., 2010; Harada et al., 2004; Kagoshima et
al., 1993; Kitabayashi, 1998; Lacaud, 2002; North et al., 2004; Oakford et al., 2010; Reed-
Inderbitzin et al., 2006; Schnittger et al., 2011) ; and the kinase Dual specificity tyrosine
phosphorylation-regulated-kinase 1A (DYRKIA), which has been shown to interact with
chromatin remodeling complexes to alter the regulation of genes involved in dendritic
growth in DS (W. Becker & Joost, 1998; Lepagnol-Bestel et al., 2009; S. Li et al., 2018;

Shen et al., 2008; Yang et al., 2001),.

DNMT3L overexpression resulted in DNA hypermethylation of certain genes

involved in neurodevelopment and could suppress the expression of genes necessary for



normal development (Laufer et al., 2021)). SON is a splicing co-factor regulating cell cycle
progression through the control of splicing events. Its expression is increased in areas of
proliferation and development (McKee et al., 2005). DYRKIA interacts with the
switch/sucrose non-fermentable (SWI/SNF) chromatin remodeling complex (Lepagnol-
Bestel et al., 2009), and its overexpression also results in a decrease in RE1-Silencing
Transcription Factor (REST) which can lead to premature differentiation of cells and
disrupt developmental timing (Canzonetta et al., 2008). Similarly to DYRKIA, BRWDI
also interacts with the SWI/SNF complex and is highly expressed during development,
suggesting overexpression in DS could have ramifications for transcriptional activity and
developmental timing (Huang et al., 2003). Additionally, RUNXI helps recruit SWI/SNF
complexes to certain gene promoters and triplication in DS could alter the expression level
of downstream gene targets (Bakshi et al., 2010). ETS affects acetylation through
interactions with the HAT p300 and could impact neurodevelopment through altering
levels of transcriptional activity (Sun et al., 2006). Although there is support for all of these
genes potentially leading to alterations in transcriptional activity and developmental timing
, the current project is focused on one gene, HMGN 1. There is evidence for this nucleosome
remodeler causing global transcriptomic dysregulation in DS, leading to many downstream

developmental aberrations.

HMGNI1
This gene encodes for a protein of the same name which is a member of the High

Mobility Group Nucleosome Binding proteins, a group of five proteins that bind to



nucleosomes and are involved in chromatin remodeling (Catez et al., 2004; Goodwin et al.,
1975). It consists of an N-terminus with a 30-amino acid nucleosome binding domain
(NBD) which is flanked by nuclear location signals (NLS1 and NLS2), and a C-terminus
which constitutes the chromatin-unfolding domain (CHUD) (Trieschmann et al., 1998;
Ueda et al., 2006). HMGNI binds to the major groove of DNAwithout specificity for the
underlying DNA sequence (Alfonso et al., 1994; Mardian et al., 1980; Trieschmann et al.,
1995). It binds near the nucleosome’s dyad axis, or the central axis that splits the structure
into two identical halves (Cutter & Hayes, 2015). Instead, it has a set of 8§ amino acid
residues that are in the NBD and conserved in all members of the HMGN family which
allow it to bind to the nucleosome (Ueda et al., 2008). It is only able to bind during
interphase since two of these serine residues, at position 20 and 24, in the NBD are
phosphorylated during mitosis which interferes with their ability to recognize and bind to
the nucleosome (Cherukuri et al., 2008; Prymakowska-Bosak et al., 2001, 2002).

The binding of HMGNI1 facilitates the decompaction of chromatin, promoting
access of the linker DNA, or the stretch of DNA between nucleosomes (Routh et al., 2008),
to transcription factors and associating it with transcriptional activity (Paranjape et al.,
1995; Prymakowska-Bosak et al., 2002). Please refer to Figure 1 to see a representation of

HMGNI1 binding to the nucleosome.



Figure 1: HMGNI1 binding to the nucleosome. Schematic representation adapted from the review article
“Chromatin unfolding and activation by HMGN chromosomal proteins” (Bustin 2001).

The mechanism through which HMGNI is thought to exert this loosening influence is the
restoration of the electrostatic repulsion of nucleosomal DNA (Clark & Kimura, 1990).
HMGNT has also been shown to colocalize with the epigenetic mark, H3K27ac, a histone
modification that consists of an acetyl group bound to the lysine 27 residue on the histone
H3 tail (S. Zhang et al., 2022). A study using ChIP-seq analysis demonstrated that HMGN1
localizes specifically with this mark, and not with other marks also associated with
increased transcriptional activity, like H3K9ac (S. Zhang et al., 2022). This study also used
double-knockout mice for HMGNI1 and HMGN?2, since both proteins bind to acetylated
nucleosomes and can compensate for each other, to reveal that the loss of these proteins
results in a reduction of H3K27ac marks (S. Zhang et al., 2022). HMGNI is also abundant
in areas known as super enhancers and enriched in H3K4mel and H3K27ac. These areas
have been identified in the mouse, in multiple cell types including embryonic stem cells

(ESCs), mouse embryonic fibroblasts (MEFs), and resting B cells (He et al., 2018). ChIP-



seq data reveals that HMGNI is located primarily in the transcriptionally active ‘A’
compartment of chromatin and in areas that contain transcription regulatory features, such
as the H3K27ac mark, further implicating its involvement in transcriptional regulation (He
et al., 2022). H3K27ac can alter the chromatin structure since its acetyl group reduces the
positive charge of the histone tail and lowers the electrostatic attraction to the negatively
charged DNA (Shaytan et al., 2016). Importantly, HMGNI also promotes acetylation at
H3K27 through enhancement of the histone acetyltransferase (HAT) P300/CBP-associated
factor’s (PCAF) activity (Ueda et al., 2006).

The presence of HMGN1 on nucleosomes also results in increased transcriptional
capabilities due to its antagonistic relationship with linker histone H1, as they compete for
overlapping nucleosomal binding sites (Catez et al., 2002, 2004; Deng et al., 2013). Linker
histone H1 binds at the meeting point of linker DNA and the histone core octamer, bringing
the strands of DNA closer together and leading to a more compact chromatin conformation,
though this ability is impaired by histone acetylation (Ridsdale et al., 1990). Linker histone
H1 is implicated in the recruitment of the Polycomb Repressive Complex 2 (PRC2), which
will be discussed in more detail in the following section. The PRC2 complex is responsible
for the propagation of the H3K27me3 mark, with studies demonstrating that depleting
cells of H1 reduces the level of H3K27me3 by two-fold (Fan et al., 2005), but re-
incorporating H1 into oligonucleosomes can partially restore levels of histone H3
methylation (Martin et al., 2006). H3K27me3 is associated with transcriptional repression.
Therefore, it raises the question of whether the increased levels of of HMGNI1 in DS

increase the competition with linker histone H1 for nucleosomal binding sites and reduce



its ability to recruit PRC2, which is supported by the depletion of H3K27me3 in areas of
HMGNI1 binding (Cuddapah et al., 2011). For example, loss of HMGNI1 around certain
genes, like Oligl and Olig2, in double knock-out studies reveals an increase in the binding
of the PRC2 subunit responsible for the deposition of the H3K27me mark, Enhancer of
Zeste 2 (EZH2), and subsequently, and increase in H3K27me3 levels (Deng et al., 2017).
The overexpression of HMGNI1 could induce a shift in the balance of these competing
proteins and lead to a reduction in the transcriptionally repressive H3K27me3 mark
(Toskas et al., 2022) . The subsequent de-repression of these intended targets of PRC2

could contribute to the abnormal neurological development seen in DS.

PRC2

The PRC2 complex serves as a histone methyltransferase (HMT), with the SET
domain of the EZH2 subunit depositing mono-, di-, and tri- methyl groups at H3K27
(Kuzmichev et al., 2002). When linker histone H1 proteins were experimentally depleted
in spleen, thymus, and bone marrow tissue in mice there was a reduction in H3K27me3
levels, and found H1 proteins stimulate PRC2 activity (Willcockson et al., 2021). A
positive feedback loop also exists whereby Embryonic ectoderm development (EED)
subunit’s aromatic cage recognizes the H3K27me3 mark and selectively binds to it, and
studies have found that the recognition of this mark is necessary for PRC2’s activity
(Margueron et al., 2009; Xu et al., 2010).. It has been shown that the PRC2 complex can

engage with two neighboring nucleosomes, recognizing the H3K27me3 mark one and
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depositing methyl groups on the other, thereby effectively propagating the mark (Poepsel
etal., 2018).

PRC2 is essential for appropriate neurological development and alterations can lead
to changes in the timing of neurogenesis (J. Liu et al., 2017; P.-P. Liu et al., 2019; Pereira
et al., 2010), inappropriate neuronal orientation and cortical radial migration (DiMeglio et
al., 2013; Zhao et al., 2015), difficulties in maintaining a neuronal identity (Buontempo et
al., 2022; X. Feng et al., 2016; Toskas et al., 2022; vonSchimmelmann et al., 2016), and
aberrant glial cell development and fate determination (Deng et al., 2017; Douvaras et al.,

2016; Sher et al., 2008; W. Wang et al., 2020) as summarized in Table 1.
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Developmental Related findings References

effect

Proper timing of EZH2-KO in mice leads to a premature Pereira et al., (2010)
neurogenesis exhaustion of the pool of neural progenitor

cells, decreased neuronal density at the cortical
plate and precocious astrocyte generation.

EED-KO mice experience impaired
neurogenesis, growth retardation, and death.
EED ablation leads to abnormal neuronal
differentiation during the hippocampal dentate
gyrus formation.

Liu et al., (2019)

miR-203 is repressed by EZH2 in neural
progenitor cells and negatively regulates
proliferation. EZH2-KO results in the
reduction of neural progenitor proliferation.

Liu et al., (2017)

Appropriate neuronal
orientation and
cortical radial
migration

EZH2 inhibition results in abnormal neuronal
orientation, reduced neuronal numbers at the
cortical plate and ectopic expression of Reelin.

Zhao et al., (2015)

EZH2-mediated repression of Netrinl is
necessary for appropriate migration of pontine
neurons in the cortico-ponto-cerebellar
pathway in mice. EZH2-KO results in ectopic
Netrinl induction and aberrant neuronal
migration.

Di Meglio et al., (2013)

Maintenance of
neuronal identity

Deletion of EED disrupts the acquisition and
maintenance of neuronal identity and
functionality in differentiated dopaminergic
and serotonergic neurons.

Toskas et al., (2022)

Conditional knock-out of EZH2 results in
reduced proliferation of granule precursor
cells, decrease in the Purkinje cell population,
and increase in GABAergic interneurons in the
mouse cerebellum.

Feng et al., (2016)

Conditional KO of EZH2 results in loss of
H3K27me3 marks in differentiating neurons,
and causes changes to molecular networks that
govern glutamatergic neuron differentiation,
leading to a disruption in the balance of
inhibitory/excitatory neurons during
development

Buontempo et al., (2022)
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Combined EZH1 and EZH2 KO leads to a loss | Von Schimmelmann et
of H3K27me3 marks in MSNs in the striatum, | al., (2017)
down-regulation of lineage-specific and
function-specific MSN genes and upregulation
of the death-promoting genes.

Glial cell Pharmacological inhibition of EZH2 leads to Deng et al., (2017)
development and fate | increased expression of Oligl and Olig2.
determination Increased depositions of H3K27me3 marks is

detected in the genomic loci of Olig/ and
Olig2 in HMGN-KO ESCs.

KO of EZH2 or EED do not affect the Wang et al., (2020)
generation of OPC but inhibit their
differentiation into mature, myelinating
oligodendrocytes. PRC2 is necessary for
repression of the Notch pathway.

EZH?2 regulates NSC differentiation into glial | Sher et al., (2008)
cells in mice, with high expression levels of
EZH?2 associated with increased
oligodendrocyte production and decreased
production of astrocytes while low levels of
EZH2 correlate with a reduction in
oligodendrocyte generation and increased
numbers of astrocytes.

Increased levels of EZH2 and EED mRNAs Douvaras et al., (2016)
are detected during the early stage of OPC
lineage commitment and development in
mouse and human ESCs and human iPSCs.

Table 1: PRC2 and Development. Table summarizing findings on the role of PRC2 in development. Adopted
from the review article “Shaking up the Silence: consequences of HMGNI1 antagonizing PRC2 in the Down
syndrome brain” by Farley et al. (Farley et al., 2022)

EZH?2 knock-out studies in mice (Pereira et al., 2010) reveal thinner cortical plates
and a reduction in neurons because of the premature depletion of the pool of cortical
progenitor cells due to an initially rapid process of neurogenesis (both direct and indirect)
that limits subsequent renewal. Similarly, deletion of the EED subunit in mice resulted in
a decreased hippocampal dentate gyrus (DG) volume (P.-P. Liu et al., 2019). Decreased

brain volume and hypocellularity are known features of DS, with deficits in hippocampal
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volume particularly notable due to the disease’s hallmark symptom of intellectual disability
(Aylward et al., 1999; Golden & Hyman, 1994; Guidi et al., 2007; Pinter, Eliez, et al.,
2001; Winter et al., 2000) EZH2 is also necessary for proper neuronal migration and knock-
down with shRNA leads to irregular neuronal orientation during radial migration, which
results in a decrease in the number of neurons reaching the upper cortical plate (Zhao et
al., 2015). The silencing of certain genes, such as Reelin, by the PRC2 complex, is thought
to be necessary for proper cortical lamination, and this process can be experimentally
altered by reducing EZH2 expression (Zhao et al., 2015).

Maintaining appropriate neuronal and glial identities is also contingent upon
silencing by the PRC2 complex and its H3K27me3 mark. For example, post-mitotic
midbrain dopaminergic (mDA) and hindbrain serotonergic (SHT) neurons in mice that
lacked the EED subunit of PRC2 lost their cell-type specific transcriptomic signatures, and
the repression of either non-mDA and non-5HT genes (Toskas et al., 2022). A precocious
shift from neurogenesis to gliogenesis is observed with changes in PRC2 expression, with
GFAP-expressing cells appearing earlier in the cortical plate of EZH2 knock-out mice than
controls (Pereira et al., 2010). Overexpression of EZH?2 also leads to an acceleration in the
switch from neurogenesis to gliogenesis in mice and induces early oligodendrocyte
development (Sher et al., 2008). Conversely, a reduction in its expression in the same cell
type leads to an increase in astrogenesis at the expense of oligodendrocyte development
(Sher et al., 2008).

Importantly, PRC2 also represses death-promoting genes and genes responsible for

neurodegeneration in both forebrain medium spiny neurons (MSNs) and cerebellar
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Purkinje cells (PC), indicating this role is widespread and impacts various parts of the brain
(vonSchimmelmann et al., 2016). Taken together, it is clear that PRC2 is needed for the
proper timing of neurodevelopment, as well as the acquisition and maintenance of specific

1dentities.

HMGNTI1 and DS

A connection between HMGNI and DS was initially made in the context of
studying acute B-cell lymphoblastic leukemia (B-ALL). DS individuals carry a 20-fold
risk of developing B-ALL, known as DS-associated ALL (DS-ALL) (Lane et al., 2014;
Mullighan et al., 2009; Rabin & Whitlock, 2009), particularly versions in which there is a
rearrangement of cytokine receptor-like factor 2 (CRLF2) that results in activation of the
Janus kinase.signal transducers (JAK/STAT) pathway. Researchers utilized the Ts1Rhr
mouse model of DS, which carries a triplication of part of mouse chromosome 16 (Mmu16)
that is orthologous to the DS critical region on human chromosome 21 (chr.21q22) that
contains HMGNI1 (Belichenko et al., 2009). Reliably developing DS-ALL, the
transcriptome of B-cells in these mice was compared with several human DS B-cell
datasets using network enrichment analysis and found to contain an enrichment of PRC2
target genes and sites containing the H3K27me3 mark. In MEFs, the change in expression
level of genes normally marked by H3K27me3 was significant enough to allow for
discrimination between DS-ALL and B-ALL B-cells. The reduction in H3K27me3 marks
in Ts1Rhr B-cells resulted in the activation of bivalently marked genes, which were highly

enriched in this cell population. These findings indicated that the mouse ortholog of
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chr.21g22 could reduce levels of H3K27me3, but even more surprising is that the
researchers found triplicating HMGN1 alone in vivo was sufficient to recapitulate many of
the changes to the transcriptome and phenotype of B-cells with all 31 orthologous genes
triplicated, suggesting a particularly strong impact of this one gene. Further support for this
conclusion was provided by the finding that HMGN1 overexpression in Ts1Rhr B-cells led
to a global amplification in gene expression, and enrichment of H3K27ac was found in the
genes with the greatest increase in expression levels (Mowery et al., 2018). Remarkably,
the levels of HMGNI are consistently increased in DS brain tissue as well as in different

animal and cellular models of DS as we summarized in Table 2. This further supports the

potential significance of HNGNI as a global transcriptomic effector.

DS Phenotype Title Related Findings References
Overexpression of Chromosomal Ts16 mouse model of DS | Pash et al.
HMGN1 protein HMG-14 has 1.5 times more (1990)

gene maps to the HMGN1 protein and

Down syndrome mRNA than WT and

region of human supports the gene

chromosome 21 dosage effect of HMGN1

and is triplication

overexpressed in

mouse trisomy 16

Chromosomal Fibroblasts from DS Pash et al.

protein HMG-14 is individuals express (1991)

overexpressed in HMGNT1 at levels 1.6

Down syndrome higher than non-DS

individuals

Functional HMGN1 is upregulated Ling et al.

transcriptome in the Ts1Cje mouse (2014)

analysis of the model of DS

postnatal brain of

the Ts1Cje mouse

model for Down

syndrome reveals
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global disruption of
interferon-related
molecular networks

Transcriptional HMGN1 was Potier et al.
disruptions in Down | overexpressed in the (2006)
syndrome: a case cerebellum of the Ts1Cje
study in the Ts1Cje | mouse model of DS
mouse cerebellum during post-natal
during post-natal development
development
Bioinformatics Raw gene expression Kong et al.
analysis of data from DS rat brain (2014)
biomarkers and tissue, Ts1Cje
transcriptional cerebellum tissue, and
factor motifs in adult human DS tissue
Down syndrome analyzed using Gene
Expression Omnibus and
showed overexpression
of HMGN1
Down syndrome Raw gene expression Rodriguez-
developmental data analyzed in humans | Ortiz et al.
brain transcriptome | with DS using Gene (2000)
reveals defective Expression Omnibus and
oligodendrocyte found HMGN1
differentiation and overexpressed in the
myelination hippocampus, cerebellar
cortex, and areas of the
pre-frontal cortex, and
primary visual cortex
Intellectual Genetic A genome-wide Davies et al.
disability contributions to association study of (2015)
variation in general | general cognitive
cognitive function: a | function in adults found
meta-analysis of HMGN1 as the single
genome-wide gene-based significant
association studies | association in the study
in the CHARGE
consortium
Cancer Triplication of a HMGN1 suppresses Lane et al.
21922 region H3K27me3and (2014)

contributes to B cell
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transformation promotes B cell
through HMGN1 proliferation in B-ALL
overexpression and
loss of histone H3
Lys27 trimethylation
Trisomy of a down HMGN1 globally Mowery et al.
syndrome critical amplifies transcription (2018)

region globally
amplifies
transcription via
HMGN1
overexpression
HMGN1 plays a HMGN1 is involved in Page et al.
significant role in signaling pathways in (2022)
CRLF2-driven Down | CRLF2-driven DS
Syndrome leukemia | leukemia

and provides a
potential
therapeutic target
in this high-risk
cohort

Behavioral changes | The chromatin- HMGN1 downregulates | Abuhatzira et
binding protein MeCP2 al. (2011)
HMGN1 regulates
the expression of | and its aberrant

methyl CpG-binding | expression produces
protein 2 (MECP2) | phehavioral changes in
and affects the mice consistent with
behavior of mice ASD and DS phenotypes

Table 2: HMGNI1 and DS. Table summarizing the findings connecting HMGNI1 to various DS phenotypes.
Adopted from the review article “Shaking up the Silence: consequences of HMGNI1 antagonizing PRC2 in
the Down syndrome brain” by Farley et al. (Farley et al., 2022)

HMGNT1 in CNS development
HMGNI has been implicated in neural development through its effect on chromatin
compaction. Studies using mice and X. /aevis embryos have both demonstrated the early

and important role HMGNI plays, with depletion leading to profound developmental
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abnormalities or delays in development (Korner et al., 2003; Mohamed et al., 2001).
Through binding to lineage specific regulatory sites, HMGNI1 is involved with the
maintenance of cell-type specific identity, and its loss increases the rapidity with which
MEFs are reprogrammed into iPSCs (He et al., 2018). Reduction in the number of Nestin-
positive neural progenitor cells in the SVZ of mouse brain is found in HMGN1 knock-out
mice, indicating a role in the regulation of this group of cells in early development (Deng
etal., 2013).

HMGNI has been causatively linked to the shift from neurogenesis to gliogenesis,
with the forced expression of this protein in human NPCs leading to the generation of
astrocytes instead of neurons, and knockdown producing fewer astrocytes (Nagao et al.,
2014).

One of the most interesting recent findings on HMGNI is that its experimental
manipulation can lead to observable behavior changes in mice (Abuhatzira et al., 2011).
HMGNI is a negative regulator of the gene MeCP2, with transcriptional analysis revealing
a 30% reduction in MeCP2 transcript levels in DS. Similar results were found in MEFs that
also overexpressed HMGNI (Abuhatzira et al., 2011). Behavioral tests were conducted
with mice either over-or-under expressing HMGNI, in addition to controls, and the
manipulation of levels resulted in changes in their preference for novel social interaction
and novel object recognition consistent with autistic-like phenotypes (Korbel et al., 2009)
and cognitive deficits associated with DS (Pinto et al., 2020). The behavioral alterations
were attributed to the global effect of HMGNI on the accessibility of chromatin and

suggested for the first time the connection between HMGN1 dysregulation and the changes
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in behavior. We have summarized the existing data related to the possible effects of

HMGNI in neurodevelopment in Table 3.

occupancy and
DNase |
hypersensitivity at
the CpG island
promoters of
embryonic stem
cells

Title Major Findings References
Developmental Altered HMGN1 levels lead to malformations Korner et
role of HMGN in Xenopus laevis development at the post-blastula | al. (2003)
proteins stage

in Xenopus laevis

High-mobility HMGN1 protein is necessary for the appropriate Mohamed
group proteins 14 | timing of embryo development in mice; depletion et al.

and 17 maintain leads to developmental delays (2001)
the timing of early

embryonic

development in

the mouse

Binding of HMGN Loss of HMGN1 protein accelerates reprogramming | He et al.
proteins to cell of MEFs into iPSCs (2018)
specific enhancers

stabilizes cell

identity

High mobility HMGN1 expression promotes astrocyte Nagao et
group differentiation al. (2014)
nucleosome-

binding family

proteins promote

astrocyte

differentiation of

neural precursor

cells

HMGN1 Loss of HMGN1 reduces the number of Nestin- Deng et al.
modulates positive NPCs in SVZ in mouse brain (2013)
nucleosome
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Interplay between | Loss Deng et al.
H1 and HMGN of HMGN1 reduces OLIG1 and OLIG2 expression (2017)
epigenetically and impairs normal oligodendrocyte differentiation

regulates OLIG1

and 2 expression Loss of HMGN1 decreases the amount of MBP and

and proteolipid protein (PLP) in the spinal cord of mice
oligodendrocyte

differentiation

Table 3: HMGNI1 and CNS Development. Table summarizing the findings between HMGNI1 and
development of the CNS. Adopted from the review article “Shaking up the Silence: consequences of HMGN1
antagonizing PRC2 in the Down syndrome brain” by Farley et al. (Farley et al., 2022).

HMGNT1, PRC2 and DS

Taken together, HMGNI overexpression in DS and the possible antagonism of
PRC?2 activity support a major role of HMGNI in the DS brain pathology. In our recently
published review, we discussed how different transcriptomic and phenotypic aberrations
in DS might be explained by the hypothesis that increased levels of HMGN1 in DS disrupt
the activity of PRC2 and increase the transcription of PRC-2 target genes (Farley et al.,
2022). To avoid redundancy, I provide an example here of the DS-related gliogenic shift
and the connection to the cross-talk between HMGNI1 and PRC2, as we illustrated in Fig.
1. Neuroepithelial cells normally progress to radial glial cells (RGCs) that give rise to outer
RGCs, apical RGC, and intermediate progenitor cells. These cells are able to produce

initially different types of neurons and subsequently, give rise to glial cells like
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oligodendrocytes and astrocytes. However, this process is altered in DS, resulting in an

accelerated progression to gliogenesis.
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Figure 2: Gliogenic shift in DS. Illustration of the proposed changes in the balance of neurons,
oligodendrocytes, and astrocytes that results from the premature shift from neurogenesis to gliogenesis in
DS, and changes in astrocyte versus oligodendrocyte production. Adapted from the review article “Shaking
up the Silence: consequences of HMGNI1 antagonizing PRC2 in the Down syndrome brain” by Farley et al.
(Farley et al., 2022).
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The significant difference in the expression of oligodendrocyte-specific genes in
DS and deficits in myelinating oligodendrocytes have been shown previously (Abraham et
al., 2012; Bhattacharyya et al., 2009; Klein et al., 2022; Olmos-Serrano et al., 2016; Seol
et al., 2023; K. E. Wisniewski & Schmidt-Sidor, 1989) and hypothesized to play a role in
the intellectual deficits in DS. The decreased levels of myelinating oligodendrocytes in DS
have been partially attributed to a shift in the balance between the production of glial cells,

with increased production of astrocytes at expense of neurons and oligodendrocytes
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(Reiche et al., 2019). One explanation for this shift could be the extra copy of the amyloid
precursor protein (APP) gene on HSA21 since increased astrogenesis has been observed
in NPCs exposed to increased levels of APP (Sugaya, 2008). Overexpression of APP in
trisomy can also lead to increased levels of the APP intracellular domain (AICD), which
can upregulate the expression of the Patchedl (Ptchl) receptor and has been shown to
attenuate SHH signaling in trisomic NPCs. SHH signaling is crucial for the appropriate
expression levels of transcription factors involved in oligodendrocyte differentiation, so a
decrease in the effectiveness of this signaling pathway could result in aberrant
oligodendrocyte development (Klein et al., 2022). The Ptchl promoter in this experiment
was also found to be hyperacetylated on H3, and HMGNI is known to increase levels of
H3 acetylation (Ueda et al., 2006). The overexpression of HMGNI could also influence
this process by amplifying the effect of APP even more than would be expected through
triplication alone. HMGNI could also be involved in decreased levels of myelinating
oligodendrocytes through the antagonism of the PRC2 complex since deficits have been

found when either the EZH2 or EED subunits of PRC2 are depleted (W. Wang et al., 2020).

Changes in transcriptional activity due to the antagonizing action of HMGNI1 on
PRC2 may also explain why many signaling pathways whose control is attributed to genes
besides HMGNI could be related to this gene. For example, genes such as ROBO?2,
ROBO4, and SLIT2 are responsible for influencing neuronal migration and axon
development are targeted by EZH2 and SUZ-12 (Kamminga et al., 2006; Lee et al., 2006;
Nuytten et al., 2008). It is through this mechanism that developmental phenotypes

attributed to other genes may be influenced by the overexpression of HMGNI in DS.
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H3K27ac and H3K27me3 in post-mortem DS, AD, and DS-AD human frontal
cortex tissue

Alzheimer’s disease (AD) is a neurodegenerative disease marked by the
accumulation of amyloid-beta (AP) plaques (Go6tz et al., 2001; Lewis et al., 2001),
hyperphosphorylated tau , neurofibrillary tangles (NFTs) (Arnold et al., 1991), and an
increase in neuron death (Goémez-Isla et al., 1997). The initial cleavage of the
transmembrane protein APP is carried out by either a or § secretase, but only cleavage with
B-secretase with a subsequent cleavage by y-secretase results in AP peptides that can
aggregate into plaques. These peptides consist of either 40 or 42 amino acids, deemed AB40
or APB42 respectively (Gouras et al., 2000),, with the extra amino acids in AP42 make it
more likely to accumulate into plaques than AB40 (Goate et al., 1991; Gouras et al., 2000).
The accumulation of AP plaques and different isoforms of the AP peptide, such as
oligomers, can lead to an increase in hyperphosphorylated tau and accelerated development
of NFTs (Gotz et al., 2001; Lewis et al., 2001). One of tau’s normal functions is to stabilize
and maintain the integrity of microtubules but loses this capability when it is
hyperphosphorylated, contributing to neurodegeneration(Gomez-Isla et al., 1997).

AD pathology is common in DS, with most individuals developing amyloid beta
(AP) plaques, hyperphosphorylated tau, NFTs, signs of oxidative stress,
neuroinflammation, and neurodegeneration by the fourth decade of life (Griffin et al., 1989;

Mann & Esiri, 1989; Perluigi & Butterfield, 2012; Royston et al., 1999; Schupfet al., 1998;
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Wilcock & Griffin, 2013), Brains from individuals with DS have greater levels of soluble
AP42 as early as 21 gestational weeks, with none being detected in age-matched controls
(Teller et al., 1996). After age 40 they also have progressive accumulation of both insoluble
APB40 and AP42 (K. E. Wisniewski et al., 1985).

Deposits were initially found in the parahippocampus and inferior temporal gyrus, with the
CAT and subiculum regions of the hippocampus and the dentate gyrus developing deposits
with increasing age (Leverenz & Raskind, 1998).

The high prevalence of AD pathology in DS has historically been attributed to the
triplication of APP that is transcribed from HSA21 (Rumble et al., 1989). Another HSA21
gene, the transcription factor, E7S2, activates the APP promoter and can also influence its
overexpression in DS and lead to increased levels of AP production (E. W. Wolvetang et
al., 2003, p. 21). Deleting the extra copy of APP in vitro was shown to reduce Af
production and adjust the altered AB42 to AB40 ratio found in AD, but did not have an
effect on tau pathology or NFTs (Ovchinnikov et al., 2018). Studies have demonstrated
that the DS brain is particularly vulnerable to complement activation and subsequent
inflammation and that this environment can increase the rate of A accumulation and
reduce its ability to be cleared (Head et al., 2001; Stoltzner et al., 2000, 2000). Strikingly,
despite the near universality of AD pathology in individuals with DS, a small minority
never develop symptoms of dementia (K. Wisniewski et al., 1978; K. E. Wisniewski et al.,
1985), increasing the complexity of the relationship between pathology and presentation.

Epigenetic changes induced by the overexpression of HMGNI may provide some

insight into the variability in developing dementia and the underlying mechanisms linking
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AD and DS. Studies looking at changes to post-translational histone modifications in AD
have shown mixed results, but generally support the idea of epigenetic dysregulation in the
disease (Lithner et al., 2013; Marzi et al., 2018; Persico et al., 2022; Rao et al., 2012; K.
Zhang et al., 2012). Alterations in H3K27ac levels have been found in the entorhinal cortex
of post-mortem AD tissue (Marzi et al., 2018). Of particular interest, researchers have
found that H3K27ac levels are altered around genes important for the pathology of the
disease, such as APP, microtubule-associated protein tau (MAPT), presenilin-1 (PSENI),
and PSEN2 (Cruchaga et al., 2012; De Strooper et al., 1998; Goate et al., 1991; Scheuner
et al., 1996). Increased acetylation of histone H3 was found in pyramidal neurons from
individuals with AD and correlated with the level of pathology (Narayan et al., 2015).
Another study revealed an increase in H3K27ac marks in the lateral temporal lobe of
individuals with AD (Nativio et al., 2020). This was tied to disease-specific pathways that
were positively correlated with the level of neurodegeneration due to AB42 (Nativio et al.,
2020). Alterations in post-translational histone modifications have been independently
associated with AD and DS, but to our knowledge, no studies have been conducted that
look at these markers in the context of DS-AD.

Increased HMGNI expression has been found in post-mortem human tissue from
individuals with DS, including areas of prefrontal cortex. Olmos-Serrano et al., (Olmos-
Serrano et al., 2016) found HMGNI mRNA expression to be increased in the dorsal
prefrontal cortex in human DS post-mortem tissue across various developmental periods
(Olmos-Serrano et al., 2016), and Rodriguez-Ortiz et al.(Rodriguez-Ortiz et al., 2021) used

raw gene expression data available from the Gene Expression Omnibus (GEO) of the
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National Center for Biotechnology Information (NCBI) to determine expression levels of
HMGNI in areas associated with cognition in individuals with DS and also found
overexpression in the prefrontal cortex. [f HMGNI1 is overexpressed in these areas it could
mean an alteration in transcriptional activity in areas associated with cognition and
potentially connect the overexpression of this particular gene to changes in intellect in
individuals with DS.. Quantifying the levels of H3K27ac and H3K27me3 in post-mortem
DS-AD tissue may provide support for the dysregulation of HMGNI1 in DS and a link
between changes to the epigenetic landscape due to overexpression of HMGNI and AD

pathology.

HMGNI1, PCR2, and DS brain hypothesis

So far, I have discussed the evidence focused on the hypothesis that the triplication
and subsequent overexpression of HMGNI in DS leads to global alterations in
transcriptional activity by antagonizing the action of PRC2 and results in the derepression
of PRC2 target genes. This antagonistic relationship potentially contributes to the
neurodevelopment abnormalities described above as well as other DS-related phenotype

including AD pathology. For a summary of this hypothesis please refer to Figure 2.
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Figure 3: Proposed consequences of HMGN1 overexpression and PRC2 antagonism in DS. Illustration of
the possible mechanism of PRC2 antagonism by PRC2 in DS. Increased levels of HMGNI1 are available to
bind to nucleosomes, resulting in a more less compacted chromatin structure available for transcription. This
leads to changes at the cellular level that then contribute to DS phenotypes. Adopted from the review article
“Shaking up the Silence: consequences of HMGNI1 antagonizing PRC2 in the Down syndrome brain” by

Farley et al. (Farley et al., 2022).
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Using iPS cell-derived models (NPCs and organoids) to study HMGN1, H3K27ac, and
H3K27me3 in DS

The ability to reprogram human cells into iPSCs using factors discovered by the
Yamanaka lab (Takahashi et al., 2007; Takahashi & Yamanaka, 2006) has had a profound
effect on the study of human development and disorders by providing a human-derived
model of pluripotency that avoids much of the controversy surrounding ESCs but
recapitulates many of their features, including self-renewal capabilities and the ability to
differentiate into cells from all three germ layers (Takahashi & Yamanaka, 2006). The
reprogramming was initially achieved using somatic cells (Takahashi et al., 2007;
Takahashi & Yamanaka, 2006), such as human fibroblasts, hematopoietic cells, and
amniotic fluid cells have also been reprogrammed (Aasen et al., 2008; Anchan et al., 2011;
Loh et al., 2009; Lu et al., 2013; Park et al., 2008; Pipino et al., 2014; Yu et al., 2007). The
use of iPSCs has proven especially valuable because it allows for the creation of isogenic
cell lines that can serve as their own control. In trisomy, these cell lines are created from
cells that are initially donated by the same individual with DS but lose their extra copy of
chromosome 21 through random mutations during reprogramming or due to mosaicism, in
which not all of the individual’s cells contain an extra copy of HSA21 (Maclean et al.,
2012; Weick et al., 2013). Isogenic lines are particularly useful for studying a complex
disorder like DS because any differences in gene expression or epigenetic changes can be
directly attributed to an extra copy of chromosome 21 since there will be no differences

due to variability between individual donors.
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The use of iPSCs as a model for DS was helped by the development of a protocol
to create 2-D neuronal culture using SMAD inhibition and then direct them toward
different neural lineages (Chambers et al., 2009). By day 11, the iPSC-derived NPCs were
expressing the neural marker PAX6, and using various manipulations the researchers were
then able to induce the cells to differentiate into various neural cell types validated by IHC
and select markers. Using this protocol researchers were able to further generate
glutamatergic cortical neurons and recreate an accurate temporal representation of neuronal
development of all six layers of cortex (Shi, Kirwan, & Livesey, 2012; Shi, Kirwan, Smith,
MacLean, et al., 2012; Shi, Kirwan, Smith, Robinson, et al., 2012). Glutamatergic cortical
projection neurons created from iPSCs derived from DS patients also exhibit AD pathology
(Shi, Kirwan, Smith, MacLean, et al., 2012), and contain marks of increased oxidative
stress and reduced synaptic activity consistent with DS (Weick et al., 2013).

With DS iPSC-derived neurons recapitulating some of the known features in DS,
studying their precursors may provide insight into the mechanisms leading to these
changes. NPCs can be a useful model for studying the early changes in neurogenesis in DS
since trisomic NPCs expanded in culture replicate many of the differences observed during
cortical development in trisomy 21. These include a decrease in proliferation (Contestabile
et al., 2007; Jiang et al., 2013), temporal changes in neurogenesis (Bhattacharyya et al.,
2009), and changes in the number of GABAergic interneurons produced (Bhattacharyya et
al., 2009). With epigenetic changes the suspected cause of many transcriptomic changes
that ultimately lead to DS phenotypes, it is essential to firmly establish the epigenetic

differences found in DS. A recent study conducted by Meharena et al. (Meharena et al.,
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2022) found an increase in levels of H3K27ac and a decrease in H3K27me3 in trisomic
NPCs, supporting our hypothesis that HMGNI overexpression in DS leads to increased
levels of acetylation at H3K27 but disrupts PRC2’s ability to deposit methyl groups at the
same site, ultimately leading to derepression of genes that would otherwise be silenced
through H3K27me3. Importantly, their finding that changes to chromatin accessibility
occur only in NPCs but not iPSCs supports the delayed emergence of differences in
neurodevelopment between DS and non-DS brains. An assay for transposase-accessible
chromatin (ATAC-seq) also found an increase in chromatin accessibility in the trisomic
NPCs of an isogenic pair, as well as an overall increase in nascent RNA transcripts,
supporting an increase in transcriptional activity due to an additional HSA21 that is in line
with HMGN1 s proposed role in increasing chromatin accessibility.

The use of organoids in neurobiology research has increased dramatically over the
past few years as they are able to generate different neuronal and glial cells types and
recapitulate some of their interactions to produce a more realistic model of the human brain
than 2D or mouse models (Amiri et al., 2018; Eiraku et al., 2008; Lancaster et al., 2013;
Pasca et al., 2015; Song et al., 2019). The transcriptomic and epigenetic landscape of
organoids has been mapped and corresponds well to the known dynamics of the human
embryonic brain at mid-gestation (Amiri et al., 2018), legitimizing their use for studying
epigenetic markers like H3K27ac and H3K27me3. They also capture the neurogenesis,
developing ventricular zone-like structures that give rise to both deep and superficial
neurons (Pasca et al., 2015). Importantly, the switch from neurogenesis to gliogenesis is

also modeled (Pasca et al., 2015). Organoids generated from trisomic iPSCs mimic the
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neurodevelopmental changes found in the disorder, including decreased neuronal
proliferation that results in smaller organoids (Z. Li et al., n.d.; Tang et al., 2021), the
overproduction of inhibitory neurons (Tang et al., 2021), and AD-like pathology (Ali¢ et
al., 2021). With these developmental similarities, organoids provide a valuable model for
studying whether early disruptions to proper neurodevelopment are possibly due to changes
in transcriptional activity resulting from the overexpression of HMGNI.

In this project, we assessed whether there are measurable differences in the levels
of acetylation and trimethylation at H3K27 in two different isogenic cellular models that
recapitulate aspects of early neural development, as well as in post-mortem DS brain tissue.
Since our hypothesis is that increased expression of HMGNI in DS results in chromatin
changes that increase transcriptional activity, it was important to first quantify the levels of
these markers. Additionally, we experimentally knocked down HMGNI expression to non-
DS levels and measured the expression level of non-HSA21 genes, overexpressed in
trisomy and known to be PRC2 target genes. By doing this, we attempted to establish a
causative link between overexpression of HMGNI in trisomy and aberrant expression of
PRC-2 targets genes to provide support for the proposed mechanism of HMGNI

antagonizing PRC2 in DS.
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MATERIALS AND METHODS

Generation of Neural Progenitor Cells:

Neural progenitor cells (NPCs) were created from human induced pluripotent stem
cells (1IPSCs) that were originally derived from fibroblasts acquired from an individual with
trisomy 21. These were used to create trisomic (WC-24-02-DS-M) and isogenic euploid
control (WC-24-02-DS-B) iPSC lines that were identical except for the extra copy of
human chromosome 21. These lines were provided and validated by the Bhattacharyya lab
at the University of Wisconsin-Madison.

NPCs were generated by a Ph.D. student in the lab following the embryoid body
protocol provided by StemCell Technologies (protocol number: 10000005588). NPCs
were thawed and then cultured and passaged on Matrigel® (Fisher Scientific #354277)
using NPC medium, which contained Neurobasal (50%Gibco #12348-017)) and
DMEM/F-12 (Gibco #11320-033), mixed 1:1 ratio; GlutaMax (1:100, Invitrogen
#35050061), Beta-Mercaptoethanol (1mM; Gibco #21985-023), N2 supplement (1:200,
Gibco #17502-048), B-27 supplement (1:100, Invitrogen #12587), NEAA (1:100; Gibco
#11140-50, 100U/mL); Penicillin/Streptomycin (1:100; Life Technologies #15140122), -
fibroblast growth factor (10ng/mL, R&D Systems #233-FB-25/CF), and epidermal growth
factor (10ng/mL, R&D Systems # 236-EG-200). For thawing, a cryovial containing 1mL
of frozen NPCs was thawed and added to 4mL of warm DMEM/F-12 already in a S0mL
conical tube and centrifuged at 300g for 5 minutes. The pellet was resuspended in ImL of

NPC medium and added to a new well coated with Matrigel® (Fisher Scientific #354277).
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When cells were 80-90% confluent they were passaged and seeded for the experiment. This
was done by washing once with DMEM/F-12 before adding ImL Accutase™ (StemCell
Technologies #07920) and placing the plate in a 37°C incubator for 5 minutes. One ml of
DMEM/F-12 was added to the well after 5 minutes to neutralize the Accutase and the
solution was pipetted up-and-down gently to dissociate the cells before collecting and
adding them to a 50mL conical tube. An additional 3mL of DMEM/F-12 was added to
equal a total of SmL of solution, and the tube was then placed in a centrifuge for 5 minutes
at 300g. The supernatant was aspirated and the cells were resuspended in another ImL of
NPC medium. For maintenance, 1x10° cells per 1 well of a 6 well Matrigel -coated plate
were used with NPC medium changes every other day. For the experiments, the number of
live cells were counted using a hemocytometer to plate the cells at a density of 0.25x10°
per 1 well of a 24 well plate on Matrigel -coated coverslips in 0.5ml of NPC media. The
plates were placed back in a 37°C incubator, and the cells were fixed with 4% PFA after

24 hours.

Generation of cortical organoids

Cortical organoids were generated by another student in the lab following the
protocol below. To create a single cell suspension for passaging, iPS cells were washed
with PBS before adding Accutase to the well for 5 minutes. The cells were then centrifuged
for 5 minutes at 200rpm before being resuspended in 2mL of mTeSR™ Plus (StemCell
#100-0276) with 50uM Rock inhibitor (Tocris BioSciences 1254) added (referred as starter

media). A hemocytometer was used to count the cells to ensure they were resuspended at
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a concentration of 15,000 cells per well. Using the protocol described in Madhavan et al.,
2018, these iPSCs were used to generate organoids. To begin, 15,000 iPSCs in 150pL
starter media per well were plated in low-adherence V-bottom wells in a 96-well plate.
Daily media changes were performed for 6 days using TeSR5/6 (StemCell Technologies)
medium with 2.5uM Dorsomorphin (Sigma #P5499) and 10uM SB-431542 (Sigma S4317)
added. Organoid medium was used beginning on day 7 and contained Neurobasal-A
(Invitrogen #10888022) with B-27 supplement (1:50) (Invitrogen #12587), GlutaMax 12
(1:100) (Invitrogen #35050061), and 100U/mL Penicillin/Streptomycin (1:100) added.
Through day 25, 20ng/mL fibroblast growth factor 2 (R&D Systems #233-FB-25/CF) and
20ng/mL epidermal growth factor (R&D Systems # 236-EG-200) were also added to the
medium, and half changes of the media were performed daily. Between days 16 and 20,
each organoid was transferred to a single well in ultra-low attachment 24 well plates. To
induce neural differentiation, 20ng/mL brain derived neurotrophic factor (BDNF) (AF-
450-02) and 20ng/mL neurotrophic factor 3 (NT3) (450-03) were both added to the
organoid medium on day 27. From this point forward, 1% Geltrex (A1569601) was also
added to the organoid medium. Daily half media changes were performed from day 27 to
day 39. Half media changes were performed every other day from day 41 to day 51, and
during this period no molecules were added to supplement the organoid medium.
Supplements were added again on day 51, starting with 10ng/mL platelet-derived growth
factor AA (PDGF) (R&D Systems #221-AA) and 10ng/mL insulin-like growth factor
(IGF) (R&D Systems #291-GF-200), and media changes were performed every 2 days.

The organoid medium was supplemented with 40ng/mL 3,3’,5-triiodothronine (T3) (Sigma
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T6397) on day 61, and 2 day changes were continued until day 71. From day 71 through
130, the organoid medium was not supplemented with any small molecules and half media

changes were performed every other day.

Preserving and Slicing Organoids

After 130 days the organoids were fixed overnight in 4% paraformaldehyde (PFA)
before being washed 3 times in PBS. They were then placed in 30% sucrose for
cryoprotection and embedded in the same concentration of sucrose with optimal cutting
temperature (OCT) embedding medium at a ratio of 60:40, frozen and stored at -80°C. The
organoids were then sectioned in 12pum increments and mounted on slides that are stored

at -80°C.

Immunohistochemistry for NPCs

NPCs were washed three times with PBS and then incubated in a blocking solution
containing 5% donkey serum in 0.1% Triton-X in PBS for one hour at room temperature.
Primary antibodies diluted in the same blocking solution were then added to the wells and
allowed to incubate overnight at 4°C. Three 10-minute washes were performed the next
day, with the first two washes using PBST and the last one using only PBS. They were then
placed in the dark and allowed to incubate in the secondary antibodies diluted in blocking
solution, for 1 hour at room temperature with gentle agitation. Three 10-minute washes
were again performed, with the first two washes using PBST and the last one using only

PBS. The round cover slips were then carefully removed from the well plate and placed
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cell-side down onto a slide containing Vectashield with DAPI (Invitrogen #2273701) and
stored at 4°C.

The following primary antibodies were used: anti-H3K27me3 (1:200) (Abcam
#ab6002) and anti-H3K27ac (1:2000) (Abcam #177178). The secondary antibodies used
were donkey anti-mouse 488 (Invitrogen #A21202) and donkey anti-rabbit 546 (Invitrogen

#A10040) and were both conjugated with Alexa fluor and used at a concentration of 1:500.

Immunohistochemistry for Organoids

Slides with organoids were first allowed to thaw for 20 minutes and then the
organoids were outlined with a hydrophobic pen before being placed in blocking solution
containing 5% donkey serum in 0.1% Triton-X in PBS for one hour at room temperature.
Primary antibodies diluted in the same blocking solution were then added to the wells and
allowed to incubate overnight at 4°C. Three 10-minute washes were performed the next
day, with the first two washes using PBST and the last one using only PBS. They were then
allowed to incubate in the secondary antibodies for 1 hour at room temperature with light
blocking and gentle agitation. Three 10-minute washes were again performed, with the first
two washes using PBST and the last one using only PBS. Vectashield with DAPI
(Invitrogen #2273701) was added to each slide before placing a coverslip and storing at
4°C.

The following primary antibodies were used: anti-H3K27me3 (1:200) (Abcam

#ab6002) and anti-H3K27ac (1:2000) (Abcam #177178). The secondary antibodies used
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were donkey anti-mouse 488 (Invitrogen #A21202) and donkey anti-rabbit 546 (Invitrogen

#A10040) and were both conjugated with Alexa fluor and used at a concentration of 1:500.

Immunohistochemistry for human brain samples

Samples of frontal cortex tissue were obtained from 11 human donors with either
DS, AD, DS-AD, or control subjects and generously donated by UC-Irvine as part of the
Down Syndrome BioBank Consortium and Dr. Charlotte Granholm-Bentley from the
University of Colorado — Denver and Anschutz Medical School. Both formalin-fixed
paraffin-embedded (FFPE) and frozen samples were obtained and analyzed. To prepare the
FFPE slides for IHC and analysis they were first baked at 57°C for 30 minutes before being
undergoing a dewaxing protocol provided by the Center for Traumatic Encephalopathy at
Boston University. The slides were placed in Xylene for three 10 minute washes, then they
were transferred to 100% isopropyl alcohol for two 2 minute washes, then onto a 30 minute
wash in methanol before being rinsed for 2 minutes in 95% isopropyl alcohol, and finally
they were rinsed for 5 minutes in deionized water. To perform antigen retrieval the slides
were microwaved at 98°C and 750 watts for 20 minutes while in 10x AR 6 solution (Akoya
Biosciences, AR600250ML). The slides were washed once in PBST for two minutes and
then outlined using a hydrophobic pen before incubating in blocking solution containing
3% donkey serum in 0.4% Triton-X in PBS for 30 minutes followed by incubation with
primary antibodies diluted in buffer containing 1% donkey serum in 0.4% Triton-X in PBS
for one hour at room temperature. They were then washed 3x for two minutes each with

TBST and gentle agitation followed by incubation in the secondary antibody diluted in 1%
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donkey serum in 0.4% Triton-X in PBS for 30 minutes at room temperature. The slides
were again washed 3x for two minutes each with TBST and gentle agitation followed by
incubation in the Opal dye suspended in SmL of 1x amplification diluent solution (1:500,
Akoya Biosciences FP1609) for 10 minutes. Then the slides were washed 3x for two
minutes each with TBST before adding 400 pL of DAPI working solution per slide, which
consists of two drops of DAPI solution (Akoya #NEL811001KT) in ImL of TBST. Lastly,
ProLong Gold Antifade Mountant (Invitrogen #P36930) was used to mount glass
coverslips on the slides.

The following primary antibodies were used: mouse anti-H3K27me3 (1:100,
Abcam #ab6002) and rabbit anti-H3K27ac (1:100, Abcam #177178). Secondary antibodies
were conjugated with horseradish peroxidase (HRP) and used at a concentration of 1:500
(Jackson Immunoresearch #715-035-151 and # 711-035-152). Opal fluorophore 520 and
650 were both used at a concentration of 1:150 and suspended in 1% donkey serum in 0.4%
Triton-X in PBS. For nuclear staining, spectral DAPI solution was added to TBST (Akoya

Biosciences FP1490).

Imaging and Quantifying Mean Fluorescence Intensity

Image analysis was performed on two different types of slides: those containing
NPCs and those with organoids. For the organoid slides, each contained between two and
four organoids. Three images were taken of edge sections of each organoid using a Zeiss
LSM 710 confocal microscope (Carl Zeiss, GER) with a 40x objective lens,1.5x zoom, 8-

bit pixel depth, and 0.21um pixel size. Z-stack images were collected for each section at
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1024x1024 resolution. Quantification of mean fluorescence intensity (MFI) was done by
splitting each image into individual channels, subtracting the background level of
fluorescence, and thresholding using the ‘Otsu’ auto-thresholding option. The z-stack
images were analyzed using the particle analysis option after thresholding, with 0.25um?
selected as the minimum particle size. After testing minimum particle size options from
0.025 to 2, 0.25 um? was determined to most accurately capture the regions of interest and
was thus selected as the minimum value.

Three areas were imaged and used to determine the MFI for each organoid. Outliers
were identified using an interquartile range (IQR) test where any data points that are more
than 1.5 IQR above Q3 or below QI are considered outliers and can be removed. The
observations were averaged to determine the MFI for each individual organoid. Then, the
MFI mean value of the euploid control was calculated as 100% and served for the
normalization of the trisomic samples. The data from 3 independent differentiation
experiments were quantified through the same pipeline and the values for euploid and
trisomic samples were averaged. An F-test was run to find whether variances were equal
or unequal, and then an unpaired students t-test was performed in Microsoft Excel to
determine significance, with a p-value of <0.05 as the cutoff value.

A similar method was used for slides containing NPCs. Glass coverslips onto which
either NPCs had been grown were mounted on glass slides, with each slide containing 2 or
3 of these glass coverslips with the same type of cells (i.e. either trisomic or euploid).
Images were taken of 3 different areas of each coverslip, generally one from the top right,

one from the bottom center, and one from the top left, to get as representative a sample as
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possible. Images were processed and quantified the same way as we did for the organoids.

The data from three independent differentiation experiments was quantified.

Lentivirus Production

The day before transfection HEK-293 cells were seeded at a density of 6x10° cells
(Takara #632180) per 10cm dish in 15mL DMEM/F-12 (ThermoFisher 11320-033) with
10% FBS (Takara #631106) and 1mM Sodium Pyruvate (Life Technologies #11360-070).
Cells were approximately 70% confluent one day after seeding. The transfection solution
was made in sterile 1.5mL microcentrifuge tubes, with a single tube used for a single 10-
cm dish of HEK-293 cells. Four different lentiviral plasmids (A, B, C, and D) containing
different HMGN1 shRNA constructs and a GFP reporter (OriGene #TL319506) were used
for the transfections of the assigned cultures and tested to determine which was most
effective at reducing the expression of HMGNI1 to euploid levels (see ‘qPCR’ section).
There was also a plasmid with scrambled HGMN1 shRNA which was included as a control.
The following was added to the microcentrifuge tube: 2ug of the transfer plasmid, 3.33ug
of pMDLg/pRRE plasmid, 3.33ug of pRSV/REVplasmid, 2.22ug of pMD2.G, 222uL of
Opti-MEM and 39uL of PEI solution. The transfection solution was incubated at room
temperature for 5-10 minutes and then added dropwise across the 10-cm dish before
placing the dish in a 37°C 5% CO2 humidified incubator for 8-16 hours before the viral
medium was replaced with fresh complete medium (DMEM/F-12, 10% FBS, ImM sodium

pyruvate).
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Lentivirus Collection and Concentration

On the third day after transfection the supernatants were collected in 50mL
centrifuge tubes and spun at 1200g for 5 minutes at 4°C. Each supernatant was filtered
using a 0.22uM PES steriflip tube (Fisher Scientifc 12565269). The volume of each viral
preparation was measured and Lenti-X concentrator (Takara #631232) was added as 1/3 of
this volume. This solution was then incubated for 30 minutes at 4°C before being
centrifuged at 1500g for 45 minutes at 4°C. The supernatant was discarded and the
remaining pellet was resuspended in ImL of cold sterile DPBS before being aliquoted and

stored at -80°C.

Enzyme-linked Immunosorbent Assay (ELISA)

The ELISA kit (Takara Bio #632200) was used according to the manufacturer’s
instructions. A 200pg/mL stock solution was created by diluting 20uL of the p24 Control
(10ng/mL) into 980 pL of fresh complete tissue medium consisting of DMEM/F-12 (Gibco
#11320-033) and 10% FBS (Takara #631106) for a 1:50 dilution. Using this as diluent,
four additional standard dilutions of 100, 50, 25, and 12.5pg/mL were created. 200uL of
each standard curve dilution, supernatant sample, and culture medium was dispensed into
correctly labeled duplicate wells and incubated at 37°C for 60 minutes. The contents of
each well were aspirated, and the plate was washed five times using 350uL of wash buffer
per well. Then each well was filled with 100puL of Streptavidin-HRP conjugate and
incubated at room temperature for 30 minutes before being aspirated and washing the plate

five times again using wash buffer. After washing, a multi-channel pipet was used to
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dispense 100uL of Substrate solution into each well. The plate was then protected from
light and allowed to incubate at 18-22°C for 30 minutes. After this time, 100uL of the
included Stop Solution-was added to each well to stop the reaction. A microtiter plate reader
previously blanked using a negative control well was used to read the absorbance values at
450nm and determine the virus titer. A standard curve was constructed using the standards
with known protein concentration, and this was then used to determine the p24
concentration of the virus preparations. The concentration was converted from ng p24/mL
to IFU/mL using the ratio of p24/IFU calculated with a control virus with a known IFU/mL.

.. The calculated viral titer was 4.2 x 10° IFU/mL was used.

Viral Transduction

The viral preparation was thawed and spun down at 500g for 5 minutes before use.
The medium was aspirated from each well and NPC medium was mixed with the viral
solution (40-80 pL) to achieve a total volume of 1mL in each well. The plate was then
centrifuged at 1000g for 45 minutes before being placed in a 37°C incubator for 6 hours.
After 6 hours the virus-containing medium was aspirated and replaced with NPC medium.
The antibiotic puromycin (Gibco #A1113802) was initially introduced two days as
transduction as a selector for cells that did not integrate the plasmid at a concentration of
3ug/mL, as resistance was conferred via an anti-biotic resistant construct integrated into
the plasmid. However, even introducing puromycin at a concentration as low as 0.15
ng/mL was found to be cytotoxic to the cells. The expression of GFP was used to determine

the extent of cells transduced with the lentiviral plasmid beginning 48 hours after
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transduction. This was initially checked using a fluorescence microscope, but the GFP-
positive cells were eventually separated out by FACS sorting done by the Flow Cytometry

Core Lab at Boston University.

FACS Sorting

To separate out NPCs that had successfully integrated the plasmid introduced via
lentivirus we had FACS sorting performed by the Flow Cytometry Core Lab at Boston
University. A live-dead stain was performed as well as one to separate out cells marked by
GFP, a positive indicator of successful uptake. About a million cells were available for
sorting per condition. The cells were transferred from the well-plate to 50mL conical tubes
and placed in FACS sorting buffer consisting of PBS with 1% bovine serum albumin
(AmericanBio AB1249) and Calcein blue (SmM, Life Technologies 65-0855-39). The cells
were then sorted based on the expression of GFP using the MoFlo Astrios EQ Cell Sorter
system (Beckman Coulter B52102) before being placed back in 50mL conical tubes in their

original NPC medium described above.

Cells-to-CT and qPCR

Cells-to-CT and qPCR were done similarly for the cells that did not go through the
FACS sorting (mixed population of cells) and the cells that were collected after the sorting.
Thirty thousand cells were seeded per well in 96 well plates and allowed to attach over-
night. To determine the expression level of HMGNI1 and select PRC2 target genes the

TagMan Gene Expression Cells-to-CT™ kit (Life Technologies #4399002) was used to
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extract mRNA from NPCs transduced with lentivirus carrying each of the four different
plasmids containing HMGN1 shRNA in order to produce cDNA. A Bio-Rad C1000
thermocycler (BioRad) was used for reverse transcription reaction to generate cDNA from
this extracted mRNA with the reverse transcription enzyme mix provided in the kit. Two
uL of cDNA generated using was used per one well of 96 well plate for qRT-PCR reaction
that was performed using the BioRad CFX96 Real-Time System, with the final analysis
done using BioRad CFX Maestro. The data was analyzed using delta delta CT, normalized
to the house keeping genes GAPDH and UBC. At least 4 biological replicates were used
for each condition (plasmids A, B, C, scramble, and euploid control) and the mean
expression levels for each condition were determined, with the expression levels
normalized to that of the euploid control. To compare differences between trisomic and
euploid, and trisomic with HMGN1 shRNA and euploid, two-tailed unpaired student’s t-

tests were performed, with a p-value < 0.05 set as the mark of significance.
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Gene Target ThermoFisher Catalog Number
PCSKIN Hs00560041 ml
PEGI0 Hs00248288 sl
ID2 Hs04187239 ml
HESI Hs00172878 ml
IGFBP3 Hs00181211 ml
HMGNI Hs05024785 sH
CHCHD?2 Hs00853326 gl
APP Hs00169098 ml
SHH Hs00179843 ml
XIST Hs01079824 ml
CHLI Hs00544069 ml

Table 4: Catalog numbers for ThermoFisher Scientifc/Taq-Man assays used in qRT-PCR experiments. All
probes were labeled with FAM dye except for UBC which was labeled with VIC.
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RESULTS

Quantifying and comparing levels of H3K27ac and H3K27me3 in NPCs

Based on the potential effect of HMGNI triplication on the cell fate acquisition and
identity, we investigated first the differences in the H3K27 marks in euploid and trisomic
NPCs generated from one isogenic line. To determine the levels of H3K27ac and
H3K27me3 in both trisomic and euploid NPCs, IHC was performed before images were
taken using a confocal microscope (Fig. 4A). The expression level of each marker was
quantified using MFI and then analyzed for comparison between euploid and trisomic
NPCs. For a more comprehensive analysis, Z-stack images which contain between 12-22
“optical slices”, or individual images that are taken at increasing z positions and then
“stacked” together, were used. H3K27me3 (Fig. 4B) and H3K27ac (Fig. 4C) levels were
first quantified for each of the three independent NPC differentiation experiments, with the
average MFI determined for each well of NPCs in both the euploid and trisomic conditions.
The MFI of the trisomic wells was normalized to the euploid control in each of the
experiments, with the data from all three experiments then averaged and analyzed.
Unpaired independent student’s t-test were performed to determine if a statistically
significant difference existed between the MFI levels of either H3K27ac or H3K27me3 in
trisomic NPCs as compared to euploid. When the results from all three experiments were
averaged there was no significant difference found between euploid and trisomic for either

H3K27me3 (Fig. 4B) or H3K27ac (Fig. 4C).
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Figure 4. Analysis of H3K27ac and H3K27me3 in NPCs. A. Representative images of IHC staining of
NPCs taken from Z-stack showing DAPI, H3K27me3, H3K27ac, and channels merged. Scale bar, 100pm B.
Graph showing the average MFI, as a marker of H3K27me3 levels, for euploid and trisomic NPCs. Each
triangle (euploid) or dot (trisomic) represents the MFI of one individual well of NPCs used to determine the
average (euploid, n=11; trisomic, n=12). The results were analyzed using unpaired student t-test. Error bar
represents standard error of the mean (SEM). C. Graph showing the average MFI, as a marker of H3K27ac
levels, for euploid and trisomic NPCs. Each triangle (euploid) or dot (trisomic) represents the MFI of one
individual well of NPCs used to determine the average (euploid, n=11; trisomic, n=12). The results were
analyzed using unpaired student t-test. Error bar represents SEM.



48

Quantifying and comparing H3K27ac and H3K27me3 in 130-day-old organoids
Since no difference was found in NPCs, we next wanted to look at a more mature
and complex system that better recapitulates brain development. Therefore, we aimed to
determine if there are differences in levels of H3K27ac and H3K27me3 in both trisomic
and euploid 130-day old cortical organoids generated from the same isogenic line. In
contrast to the NPCs, the organoid model represents more diverse and mature cell types
including different types of progenitors, neurons, astrocytes, and oligodendrocytes. This
was carried out in an almost identical manner to the previously described experiment using
NPCs, with IHC performed first and then images of the organoids taken with a confocal
microscope (Fig. SA). The expression level of each marker was quantified by analyzing
the z-stack images to determine the MFI for each of the three different areas of each
organoid that were imaged and then averaging these results to determine the MFI for each
individual organoid. The H3K27me3 (Fig. 5B) and H3K27ac (Fig. 5C) levels of each
trisomic organoid were normalized to the euploid control from the same experiment, the
data was averaged and unpaired independent student’s t-test was run to determine statistical
significance. There was a statistically significant decrease in H3K27me3 in the trisomic
organoids (Fig. SB), but no statistical significance was found when comparing H3K27ac

(Fig. 5C).
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Figure 5. Analysis of H3K27ac and H3K27me3 in 130-day-old organoids. A. Representative images of
IHC staining of organoids taken from Z-stack showing DAPI, H3K27me3, H3K27ac, and channels merged.
Scale bar, 100um B. Graph showing the average MFI, as a marker of H3K27me3 levels, for euploid and
trisomic organoids. Each triangle (euploid) or dot (trisomic) represents the MFI of one individual organoid
used to determine the average (euploid, n=19; trisomic, n=18). The results were analyzed using unpaired
student t-test. Error bar represents SEM. *p < 0.05. One trisomic organoid was identified as an outlier based
on the quartile outlier test and removed from the analysis. C. Graph showing the average MFI, as a marker
of H3K27ac levels, for euploid and trisomic organoids. Each triangle (euploid) or dot (trisomic) represents
the MFI of one individual organoid used to determine the average (euploid, n=19; trisomic, n=19). The results
were analyzed using unpaired student t-test. Error bar represents SEM.
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Quantifying and comparing H3K27ac and H3K27me3 in brain tissue from
individuals with DS, DS-AD, or AD

Since studies have identified changes in both histone acetylation and methylation
levels in AD (278-281), we were curious as to whether there were specific changes in
H3K27ac and H3K27me3 in AD and DS-AD. However, despite a well-documented
comorbidity between DS and AD pathology no studies were performed on the assessment
of H3K27 in DS-AD and the comparison to the AD brain. Thus, we aimed to quantify the
levels of H3K27me3 (Fig. 6A) and H3K27ac (Fig. 6B) in human frontal cortex tissue from
individuals with DS-AD and AD and age-matched controls. The paraffin-embedded slides
were provided by Dr. Ann-Charlotte Granholm-Bentley in conjunction with the UC Irvine
Brain Bank as part of the Down Syndrome Biobank Consortium. The Sum sections were
stained using IHC and then imaged using a confocal microscope. The control cases were
imaged first in order to calibrate the settings, and these settings were reused to image the
AD and DS-AD cases in order to maintain consistency. The MFI was quantified and
averaged for each experimental group, with independent student t-tests run to compare each
experimental group against the control group. Remarkably, when we compared the
H3K27me3 pattern between the three groups, H3K27me3 of DS-AD group showed a
reduction in this mark that almost reached statistical significance, compared to both control
and AD the p-values were 0.068 and 0.063, respectively. Noticeably, no differences were
found between the control and AD cases in the assessment of this mark. There were no

statistically significant differences in the level of H3K27ac found in human brain tissue.



51

b

DAPI H3K27me3 H3K27ac Merge

= H3K27me3 = H3K27ac
200 0.520 60 &
0.877 0424

0.068 0.063

10q —/— ——1

100

d11

o
o
]
. |._|_+ "
Mean Fluorescence Intensity

N
o

Mean Fluorescence Intensity

Figure 6: Comparing levels of H3K27me3 and H3K27ac in human brain tissue from individuals with
DS-AD and AD. A. Representative images showing IHC staining taken from Z-stack for each of the three
conditions; DS-AD, AD, and age-matched controls. Scale bar = 100pm. B. Graph showing the average MFI,
as a marker of H3K27me3 levels, in brain tissue samples from individuals with DS-AD, AD, and age-
matched controls (control, n=3; DS-AD, n=3; AD, n=4). Each triangle (control), square (DS-AD), or diamond
(AD) represents the average MFI of one brain sample taken from one individual, which were then averaged
per condition. Student t-tests were then performed to determine the p-value for each intergroup comparison.
Error bars represent SEM. C.. Graph showing the average MFI, as a marker of H3K27ac levels, in brain
tissue samples from individuals with DS-AD, AD, and age-matched controls (control, n=3; DS-AD, n=3;
AD, n=4). Each triangle (control), square (DS-AD), or diamond (AD) represents the average MFI of one
brain tissue sample taken from one individual, which were then averaged per condition. Student t-tests were
then performed to determine the p-value for each intergroup comparison. Error bars represent SEM.
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Choosing an HMGN1 shRNA construct to reduce HMGN1 expression in NPCs

In our cortical organoid cellular model, we found a significant global effect of
trisomy on H3K27me3 that could potentially be attributed to the increased expression of
HMGNI1.Although HMGNI levels in organoids were not measured, In our previous single-
cell RNA-seq in organoids we detected upregulated levels of HMGN1 across multiple cell
clusters (Z. Li et al., n.d.) and we did found a relative expression level of 1.4 in trisomic
NPCs when normalized to euploid. Since the organoids were produced from NPCs
differentiated using the same protocol, it is expected that HMGNI would also be
upregulated in this model. In addition, the data obtained from human brain samples
suggested similar decreases in H3K27me3, and HMGN/ is known to be upregulated in pre-
frontal cortex tissue in human brains (Rodriguez-Ortiz et al., 2021). Since H3K27me3 is a
repressive epigenetic mark, if antagonism of PRC2 by HMGNI prevents its deposition we
would expect to see an upregulation of genes that normally carry this mark (Kamminga et
al., 2006; Mikkelsen et al., 2008; Nuytten et al., 2008; Rouillard et al., 2016). The genes
looked at were also upregulated in our previous trisomic datasets (Klein et al., 2022; Z. Li
et al., n.d.), and therefore we aimed to determine if HMGNI might influence the changes
in expression level found in certain genes in DS. Since our hypothesis was that
overexpression of HMGNI in DS leads to its different phenotypes through derepression of
PRC2 target genes, normalizing its expression to euploid levels should normalize the

expression of these target genes.
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To do this we used shRNA to specifically downregulate the expression of HMGNI
in NPCs through RNA interference. The shRNA construct consists of complementary RNA
sequences that are self-complementary and thus generate hairpin-like loop formation, and
are also complementary to the mRNA targeted for silencing, in this case, HMGNI. The
hairpin structure is cleaved and the guide RNA strand is loaded onto a large
ribonucleoprotein complex, the RNA-induced silencing complex (RISC) (Paddison et al.,
2002). This can bind and degrade mRNA molecules with a complementary sequence which
allows for selective targeting and knock-down of specific genes, in this case, HMGNI.
When delivered using lentiviral vectors, the sSiRNA expression cassette carried by the virus
will be reverse transcribed into DNA and incorporated into the genome of the desired cell,
which will then constitutively express the sShRNA. This means that the knock-down of the
targeted gene will be propagated through subsequent cell divisions and passed down to
daughter cells, thus downregulating the target mRNA and the corresponding protein.

Various shRNAs targeting the same mRNA will not all display perfect silencing
efficiency. We thus tested four different ShARNA constructs targeting HMGN1, as well as
scrambled shRNA (shRNA-Scr) — the control that does not target HMGN, for their ability
to silence HMGN1. We produced lentiviral particles for each of them, and measured the
viral titers before introducing them into NPCs through lentiviral transduction. An ELISA
assay was performed to determine the predicted viral titer for each of the shRNA
constructs, including the control ‘scramble’ (Fig.7A). Assistance with generating virus in
HEK293 cells and the ELISA assay was provided by the Roussarie Lab at Boston

University’s Chobanian and Avedisian School of Medicine. All four constructs provided
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comparable titers, enabling us to measure the change in the expression level of HMGNI
resulting from each of the different constructs to select the most appropriate construct to
continue with. The goal was to select the construct that would reduce HMGN1 expression
to a level most comparable to euploid control to then determine if the expression of PRC2
target genes that are overexpressed in our trisomic cells were reduced.

We next aimed to determine which construct was most effective at reducing
HMGNI expression to a level most comparable to euploid. To do this, a qRT-PCR
experiment was performed after transduction of NPCs to determine the specific effect of
each construct on HMGNI expression (Fig. 7B), and to compare the level of expression to
that of euploid.

Of note, the plasmids carrying HMGN1 shRNA contained two additional genes that
should have allowed for the identification and selection of cells that had successfully
incorporated the plasmid into their genome. One additional gene encoded GFP expression,
and the other conferred antibiotic resistance. Cells that had taken up the plasmid expressed
GFP and GFP expression was monitored as evidence for successful transduction. The
introduction of the antibiotic Puromycin to the cell medium would kill any cells that had
not successfully integrated the plasmid. However, despite repeatedly decreasing the
antibiotic concentration this method of negative selection was discontinued due to toxicity
and the death of a high number of cells, including GFP-positive cells which have been
successfully transduced. Thus, we used a mixed population of cells where about 70% of
cells were transduced. The results of this qPCR experiment revealed the shRNA-B

construct to be effective in reducing HMGN1 expression to levels comparable to euploid.
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Figure 7: ELISA results and determining level of HMGN1 knock-down with various shRNA
constructs. A. The results of an ELISA experiment to determine the predicted viral titer produced in HEK293
cells transfected with each of the different HMGNI shRNA constructs. B. The results of a qRT-PCR
experiment to measure the relative expression level of HMGN1 using cDNA created from mRNA extracted
from NPCs transduced with each of the various HMGNI shRNA constructs, as well as euploid (control)
NPCs. The results were analyzed using AACT method and GAPDH and UBC were used as house-keeping
genes. Error bars represent standard error. *p < 0.05.
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Using qRT-PCR to determine the effect of HMGN1 silencing on the expression levels
of select PRC2 target genes in trisomic NPCs. No cell selection was performed.

A qRT-PCR experiment was conducted to determine the relative gene expression
levels of various previously demonstrated PRC2 targets (Adams & Cory, 2007; Kamminga
et al., 2006; Mikkelsen et al., 2008; Rouillard et al., 2016) and upregulated in trisomic cells
in our previous data sets. If we find that these genes are upregulated in trisomy and are
downregulated by the HMGNI shRNA, it will signify the causative relationship between
the gene dosage effect of HMGN1 and the upregulation of these genes. To identify whether
the expression level of these target genes would be altered after introducing HMGN1
shRNA, we transduced trisomic NPCs with lentiviral particles carrying HMGNI shRNA-
B. Similarly as before, cells used in this experiment included both NPCs that had taken up
the construct and those that had not, as it was impossible to isolate the NPCs carrying the
constructs because of the high toxicity of the antibiotics.

The results of the qRT-PCR experiment revealed differences in expression levels
for several genes which have been identified as targets of PRC2 and are differentially
expressed in trisomy 21 (Adams & Cory, 2007; Kamminga et al., 2006; Mikkelsen et al.,
2008; Rouillard et al., 2016)(Fig. 8). The genes tested were Coiled-Coil-helix-coiled-coil-
helix Domain Containing 2 (CHCHD?2), Insulin-like growth factor binding protein 3
(IGFBP3), Paternally expressed 10 (PEGI0), Sonic hedgehog (SHH), Proprotein
convertase subtilisin/kexin type 1 inhibitor (PCSKIN), Cell-adhesion molecule 1 (CHLI),
and Amyloid Beta precursor protein (4PP). The protein product of gene PCSKIN, is

involved in neuropeptide cleavage (Y. Feng et al., 2002; Hoshino et al., 2014) and has been
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associated with NFTs and AD pathology (Wada et al., 2004). PCSKIN is involved in axon
guidance (F. Wei et al., 2014) and neuronal migration (C. Li et al., 2016). The levels of
PCSKIN were significantly different between euploid and both shRNA-Scr and shRNA-B.
For PEG10, overexpression of which has been shown to inhibit neural migration (Pandya
et al., 2021), there were significant differences in expression between euploid and both
shRNA-Scr and shRNA-B, as well as between shRNA-Scr and shRNA-B. CHLI has been
implicated in intellectual disability (C. Li et al., 2016) and is therefore important to study
in the context of DS. Our results revealed a significant decrease in expression level in the
NPCs carrying the shRNA-B construct as compared to shRNA-Scr.

As a powerful morphogen, SHH plays a significant role in the development of the
ventral neural tube, as well as the production of different cell types (Cai et al., 2005;
Fogarty et al., 2005; Kessaris et al., 2006). The levels of SHH were below the detection
threshold in the euploid cells (CT value above 40 is not detected by our instrument), and
thus it was impossible to determine a p-value. The differences in the expression between
shRNA-Scr and shRNA-B did not reach statistical significance, (p-value=0.068), but
showed a trend towards the decrease in mRNA for SHH with the ‘B’ construct as compared
to ‘scramble’.

The prevalence of AD pathology in DS is often attributed to the increase in APP
production and AP plaques secondary to the triplication of the APP gene. The expression
levels for both APP, an AP paternal protein were significantly different between euploid
and both shRNA-Scr and shRNA-B, and between sShRNA-Scr and shRNA-B. Similar

dynamic was observed for CHCHD? that is involved in cell migration (Y. Wei et al., 2015),
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maintaining homeostasis in mitochondria (W. Liu et al., 2020), and the differentiation
process of neuroectoderm (Che et al., 2018; Zhu et al., 2016). IGFBP3 was shown to be
involved in apoptosis and controlling cellular proliferation (Butt et al., 2000). There were
significant differences found between expression levels of euploid and both shRNA-Scr
and shRNA-B for /GFBP3. Importantly, there was no significant difference in the level of
expression of HMGNI between euploid and shRNA-B, but there was significantly higher
expression in the NPCs carrying the shRNA-Scr construct, indicating a reduction in
expression comparable to euploid using sShRNA-B.

The genes tested are implicated in various functions including but not limited to
cell differentiation, morphogenesis, regulation of apoptosis, cell migration, cell adhesion,
axon guidance, and transcriptional regulation. HMGNI was also tested to ensure the level
of expression was indeed comparable to euploid levels.: Taken together, this data

implicates HMGNI1 in regulating genes involved in normal neuronal development.
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Figure 8: Results of QRT-PCR experiments to determine relative gene expression levels of select PRC2
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gRT-PCR experiment were performed to measure relative expression level of select PRC2 target genes and
genes known to be differentially expressed in DS, including HMGN1. The results were analyzed using AACT
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Measuring gene expression levels post-FACS sorting to determine the effect of
HMGNT silencing on the expression levels of select PRC2 target genes in trisomic
NPCs.

Another qRT-PCR experiment was run after FACS sorting, during which we were
able to isolate the NPCs basedon the expression of GFP (Fig. 9). Despite a low number of
cells after FACS sorting (less than 100,000 per condition), we were able to detect all genes
except CHL1, which was also not detected in unsorted NPCs. The experimental groups for
this experiment included euploid NPCs, trisomic NPCs, those carrying the shRNA-
scramble construct, and those carrying the shRNA-B construct. The aim of this experiment
was to more accurately measure the impact of the sShRNA on gene expression levels as
compared to the previously described experiments that still included NPCs that had not
integrated the constructs.

Since the isolation of the transduced cells gave a more reliable readout, we
expanded our studies and evaluated more PRC2 target genes, including HESI, ID2, and
XIST. HES1 is a downstream target of the Notch signaling pathway and involved in the
timing of neurogenesis (Hatakeyama et al., 2004; Nye et al., 1994). Overexpression of /D2
is implicated in the halting of the process of oligodendrocyte differentiation (S. Wang et
al., 2001). XIST is a long noncoding RNA involved in the silencing of the inactive X-
chromosome (Brown et al., 1992) and has been shown to be highly dysregulated in AD
(Fernandez-Martinez et al., 2009). There were also three genes originally evaluated that
were not included in further qRT-PCR testing. For HMGNI, this was due to already having

determined the normalization of its expression to close to euploid levels and not feeling
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testing it further would be of use since we were looking at its effect on other gene’s
expression levels. For IGFBP3 and SHH, we found that the level of expression was not
significantly reduced in the NPCs carrying the HMGN1 shRNA construct. This could mean
that HMGN1 overexpresssion does not necessarily lead to their dysregulation in trisomy,
since its correction did not normalize expression. Thus, their misexpression in DS might
be not a direct consequence of HMGN1 overexpression.

For both APP and CHCHD?2, there were significant differences in expression level
between euploid and trisomic, euploid and shRNA-B, and trisomic and shRNA-B. HES!
and /D2 both demonstrated significant differences in expression between euploid and
trisomic, and trisomic and shRNA-B. For PEG10, there was significance found between
the levels of expression for euploid and trisomic, and euploid and shRNA-B. For CHLI,
there was only a significant difference between the expression in trisomic NPCs and those
with shRNA-B. PCSKIN had significant differences in expression between euploid and
both trisomic and shRNA-B, and also between trisomic and shRNA-B. XIST also showed
significant differences in expression between euploid and both trisomic and shRNA-B, and
between trisomic and shRNA-B.

In summary, we were able to show statistically significant changes in the expression
level of these PRC2 target genes after reducing the expression of HMGNI, indicating a

causative role in the upregulation of expression of these target genes in trisomy 21.
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Figure 9: Results of qRT-PCR experiment after FACS sorting. Graphs showing the relative gene
expression of select PRC2 target genes and genes known to be differentially expressed in DS after FACS
sorting to isolate NPCs that successfully integrated plasmid containing HMGNI shRNA construct B (DS-
shRNAHMGNI1). The gene expression level was compared between euploid, trisomic (DS-control), and
trisomic NPCs carrying the shRNA-B plasmid (DS-shRNAHMGNI1).. The results were analyzed using
AACT method and GAPDH and UBC were used as house-keeping genes. Error bars represent standard error.
*p <0.05; **p < 0.01; ***p<0.001.
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DISCUSSION

The aim of this project was to attempt to connect the triplication of HMGNI in DS
to dysregulation of gene expression levels in trisomic cells. Our working hypothesis was
that increased levels of HMGNI in trisomy lead to increased levels of H3K27ac and
decreased levels of H3K27me3, resulting in the de-repression of PRC2 target genes. We
quantified the changes in H3K27 marks in trisomy 21 as a first attempt to link the
overexpression of HMGNI1 to the development of DS phenotypes. Our main findings show
significantly decreased levels of H3K27me3 in DS-derived cortical organoids and
postmortem DS brain samples. Since H3K27me3 and H3K27ac are mutually exclusive we
expected to also see an increase in the levels of this epigenetic mark. However, the inability
to detect significant changes in H3K27ac may simply indicate that the mechanisms are
more complicated and not solely governed by the overexpression of HMGN1 or absence of
H3K27me3 marks.., The correction in expression level for certain genes targeted by PRC2
by normalizing HMGN1 expression does suggest a role in preventing the silencing action
of PRC2 in DS.

We initially attempted to observe global changes induced by HMGNI by
quantifying levels of H3K27ac and H3K27me3 in 130-day-old organoids, generated from
3 independent differentiation experiments. We observed a statistically significant decrease
in H3K27me3, which is consistent with the hypothesis that this mark is decreased in DS
due to the antagonism of the PRC2 complex by increased levels of HMGNI1 at the
nucleosomes. Despite HMGN1’s known association with H3K27ac we have not found a

global increase in the H3K27ac mark, indicating that the relationship between this
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epigenetic signature and HMGN1 may be more complex than the proposed antagonistic
relationship with H3K27me2 marks. For example, H3K27 residue can be a target for
another epigenetic modifier that will lead to interference with the acetylation of this residue
after H3K27me3 mark is removed (Pan et al., 2018).

We also did not observe statistically significant differences in H3K27ac or
H3K27me3 levels by assessing their expression in trisomic NPCs. This was disappointing
since another study by Meharena et al. (Meharena et al., 2022) identified significant
differences when comparing these marks in NPCs. Different differentiation protocols were
used, but both should have resulted in NPCs of a similar age and stage of development (i.e.
both would be PAX6 and SOX1 expressing). However, any variability in developmental
stage, even in some of the NPC population, could have led to different results. Differences
may also be a function of using different isogenic lines. Perhaps, increasing the sample size
and including NPCs differentiated from multiple isogenic lines would produce different
results and statistically significant changes. It would be beneficial to repeat the studies in
NPC with more isogenic cell lines to determine if individual variation may be the reason
for the lack of significant changes in the current study.

Next, we sought to quantify these marks in postmortem brain tissue (frontal cortex),
as neither cell model could fully recapitulate the system dynamics at play in the human
brain, since even organoids lack cellular heterogeneity present in brain tissue (for example
multiple subtypes of neurons and microglia). In addition, the human brain more faithfully
recapitulates the accumulation of epigenetic and transcriptomic age-related changes.

Previous studies have measured H3K27ac and H3K27me3 in human DS and human AD
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brain tissue separately (Nativio et al., 2020; Persico et al., 2022), but the quantification of
these marks in human DS-AD brain tissue has not been attempted before.

In post-mortem tissue from the entorhinal cortex of individuals with AD,
researchers have found an increase in H3K27me3 signal intensity as compared to controls
(Persico et al., 2022). H3K27ac levels have also been quantified in human entorhinal cortex
from those with AD, but the results were much more variable, with both hypo- and hyper-
acetylation found in different areas. However, the areas with the greatest differential
expression of H3K27ac were identified as being near genes known to be involved with AD
pathology, such as APP (Marzi et al., 2018). These findings, along with the differences in
H3K27ac and H3K27me3 found in trisomic NPCs (Meharena et al., 2022), reveal
epigenetic changes present in both DS and AD and informed our decision to perform this
novel experiment. Despite a small sample size (n=3-4), we identified an almost significant
decrease in levels of H3K27me3 between those with DS-AD and both age-matched
controls and individuals with only AD, indicating a difference in DS-AD tissue with broad-
ranging consequences on gene expression that has not been documented before. With
known alterations to the epigenome in both DS and AD, our novel results support a
complex system where the changes in each condition may affect each other in dynamic
ways that have not been studied before, with the overexpression of HMGNI in DS possibly
playing a role in this dysregulation. The encouraging results we saw when comparing
H3K27me3 in human brain tissue and organoids supported the establishment of a causative

connection between HMGNI overexpression and differentially expressed PRC2 target
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genes in DS cells that were identified in our previous transcriptomic studies in trisomic
NPCs and organoids (Klein et al., 2022; Z. Li et al., n.d.).

Using HMGN1 shRNA, we were indeed able to reduce the expression of a number
of genes identified as PRC2 targets, including CHCHD2, IGFBP3, SHH, XIST, HESI, ID2,
CHLI, APP, and PEG10 (Adams & Cory, 2007; Kamminga et al., 2006; Mikkelsen et al.,
2008; Rouillard et al., 2016). These results demonstrate that HMGNI is at least partly
responsible for the increase found in trisomy. These genes are implicated in
morphogenesis, neurogenesis, neuronal migration, cell death and viability and more,
making them particularly relevant to the transcriptomic and phenotypic dysregulation seen
in DS brain cells.

CHCHD? is involved in cell migration (Y. Wei et al., 2015), maintaining
homeostasis in mitochondria (W. Liu et al., 2020), and the differentiation process of
neuroectoderm (Che et al., 2018; Zhu et al., 2016). Alterations in normal cell migration
have been noted in both human DS brain tissue and mouse models of DS (Aldridge et al.,
2007; Chakrabarti et al., 2007; Guidi et al., 2011), and the upregulation of this gene in
trisomy 21 may contribute to the mechanism through which this occurs.

PEGI0 has also been shown to play a role in neuronal migration during brain
development, with overexpression inhibiting the appropriate neuronal migration to the
cortical plate (Pandya et al., 2021). Its importance in neurodevelopment is highlighted by
its expression levels peaking during normal fetal development (Miller et al., 2014). In line
with this, decreased cortical plate volume has been documented in DS as early as 28

gestational weeks (Tarui et al., 2020). The overexpression of PEG/0 found in trisomic
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NPCs could point to a mechanism for the disruption of the process of adequate neuronal
migration critical for proper cortical development contributing further to the intellectual
disability found in DS.

CHLI is another gene involved in neuronal migration as well as in axon guidance
and cell adhesion (F. Wei et al., 2014), and synaptic plasticity (C. Li et al., 2016). It is
involved in cognitive functioning, with multiple case studies implicating its duplication in
intellectual disability (C. Li et al., 2016). Since this gene is increased in trisomy without
being triplicated, and its potential link to cognitive deficits, it was important to look at the
impact of HMGN1 on the expression of CHLI, and assess whether its expression may be
increased in DS due to the dysregulation of PRC2 activity.

SHH-mediated pathways are important in morphogenesis and spatial patterning of
the cells in the neural tube. It has been implicated in the ventralization of the neural tube,
and the generation of OPCs and inhibitory neurons (Cai et al., 2005; Fogarty et al., 2005;
Kessaris et al.,, 2006). Considering the well-known deficits in myelinating
oligodendrocytes found in DS and the dysregulation of this pathway in trisomy, it was
important to include this gene in the study as one of the targets of PRC2 (Kamminga et al.,
2006; Mikkelsen et al., 2008). Inhibitory/excitatory neuron imbalance can be also attributed
to the abnormal activation of SHH and aberrant ventralization patterning. Our previous
study showed an abnormal expression of SHH target genes in DS-derived iPS lines (Klein
et al., 2022). Furthermore, correcting the SHH dysregulation in the same isogenic line, used
in the current study, led to a correction in the expression of two important transcription

factors needed for the differentiation of NPCs into OPCs, Olig2 and NKX2.2. NPCs
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induced to a adopt a rostral-brain like fate showed a reduced response to SHH signaling
and changes in the level of Olig2 and NKX2.2 expression, but modulation of the response
using an SHH agonist normalized the level of expression of both transcription factors,
indicating an important role of SHH in the development of OPCs. Interestingly, response
to SHH signaling was location-dependent, with ventrally derived NPCs showing normal
levels of response to SHH signaling as compared to the rostrally derived NPCs andindicates
the need for the ability to selectively correct SHH expression.

HES] is an essential component of the Notch signaling pathway, which is known
to be dysregulated in DS (Fischer, 2005). Playing a critical role in the timing of neural stem
cell differentiation, changes in HES1 expression can lead to disorganization of the neural
tube and improper timing of neurogenesis in favor of gliogenesis (Hatakeyama et al., 2004;
Nye et al., 1994). This upregulation of HES! has been previously attributed to the cross-
talk of Notchl and APP (Fischer, 2005), as well as through a different mechanism of
regulation involving the SHH pathway (Ingram et al., 2008).

We also identified several genes related to more neurodegenerative phenotypes.
IGFBP3 is known to be involved in anti-proliferative and pro-apoptotic pathways through
the modulation of proteins associated with apoptotic processes, such as Bax, Bad, and Bcl-
2 (Buttetal., 2000). Evidence for dysregulation of these proteins, including elevated levels
of Bax and decreased Bcl-2 levels, have been identified in the DS brain (Seidl et al., 2001).
increased rates of apoptosis has been identified in certain regions of the human DS brain,
as well as in animal and cellular models of DS. This includes the cerebral cortex (Seidl et

al., 2001; Takashima et al., 1989), hippocampus (Guidi et al., 2007), cerebellum (Seidl et
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al., 2001), NPCs derived from DS iPSCs (Hibaoui et al., 2014), and cortical spheroids (Z.
Li et al., n.d.). For this reason, identifying the upregulation of /GFBP3 in trisomy and the
subsequent decrease in expression level with the knockdown of HMGNI provides a
causative mechanism through which increased apoptosis could be induced in DS and lead
to hypocellularity.

PCSKIN encodes the protein Proprotein convertase subtilisin/kexin type 1 inhibitor
(proSAAS), which is involved in the neuroendocrine signaling pathway and peptide
cleavage (Y. Feng et al., 2002; Hoshino et al., 2014). ProSAAS immunoreactivity with
NFTs in patients with AD has been established (Wada et al., 2004), though the precise
relationship between the two is still unclear. Its mRNA has been found in many types of
differentiating neurons and it is widely expressed during development (Morgan et al.,
2005). It is possible that the overexpression of PCSKIN in trisomy may play a role in the
tauopathy and AD pathology common in DS.

ID2 is implicated in the inhibition of oligodendrocyte differentiation. Its
overexpression is known to prevent the differentiation of OPCs into oligodendrocytes,
while its absence can lead to the premature differentiation of OPCs (S. Wang et al., 2001).
It is normally located in the nucleus but translocates to the cytoplasm before the process of
differentiation begins. While not necessary for this process to occur, it appears that /D2
slows and controls the rate of differentiation. The finding of /D2 overexpression in trisomic
NPCs provides another possible mechanism for the decreased levels of oligodendrocytes

in DS and the imbalance between these glial cells and astrocytes.
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XIST is expressed solely by the inactive X-chromosome and codes for a long
noncoding RNA responsible for the silencing of this chromosome (Brown et al., 1992). It
is known to carry out this function through recruitment of the EED and EZH2 subunits of
the PRC2 complex and subsequent methylation of H3K27 (Plath et al., 2003). It is also
known to be severely dysregulated in AD and has the highest level of overexpression in
late onset AD (LOAD) (Fernandez-Martinez et al., 2020). With the frequent comorbidity
of AD pathology and DS, regulation of XIST expression via HMGN1 provides additional
support for our main hypothesis.

Taken together, these PRC2 target genes are all implicated in some aspects of
neurodevelopment, cell-signaling, cell migration, cognition, or neurodegeneration and are
also differentially expressed in DS. If HMGNI does indeed lead to the derepression of
PRC?2 target genes, the various DS phenotypes that could result from dysregulation of these
pathways might be mediated by a common molecular event — the abnormal upregulation
of HMGNI. Therefore, altering HMGNI levels may provide a therapeutic avenue for
correcting the expression level of these genes in DS.

Additionally, we tested the gene APP which is known to be located on HSA21 and
is often triplicated in DS. The near-universal development of AD pathology in DS is often
attributed to this triplication and an increase in APP production and subsequent AP
deposition (McCarron et al., 2014). Individuals with DS due to a segmental trisomy of
HSA21 that does not include the APP gene have been reported to not have the same AD
pathology common in DS, lending support to the role of APP overexpression in the

presentation of the disease (Prasher et al., 1998). Although APP is not one of the
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prototypical PRC2 target genes, but a study found a 1.9 fold change in APP expression
after EZH2 knockdown, implicating it as a potential target of PRC2 (Nuytten et al., 2008)
(. Since both APP and HMGNI are located on HSA21, we were interested in whether
HMGNI overexpression may exacerbate the overexpression of APP even more.
Furthermore, if overexpression of APP in DS does lead to AD pathology, could altering
HMGNI expression mitigate some of this pathology? If so, normalization of HMGNI
expression could prove even more important in correcting APP expression in DS. Indeed,
our data showed that reducing the expression of HMGNI does mitigate the expression of
APP, providing support for the hypothesis that its overexpression in DS may not be solely
due to its triplication, and that by decreasing the expression of HMGN1 we could decrease
the effect of APP in DS and possibly resolve some AD-related pathology.

The results we obtained are novel and indicate future research in this area is
important. It would also be helpful to carry out future analyses of H3K27ac and H3K27me3
in human brain tissue obtained from more individuals, in order to reach significance in the
comparisons between control, DS-AD and AD. Furthermore, DS brain tissue devoid of AD
pathology in future studies would add significantly to our understanding of the HMGN1-
induced epigenetic modifications in DS. It would also be valuable to carry out further qRT-
PCR experiments after HMGN1 knock-down to causally link its level of expression with
PRC2 target gene expression, but instead of lentiviral transduction it would be preferable
to use CRISPR/Cas9. This is a more specific and targeted approach to eliminate one of the
triplicated alleles and reduced expression levels of HMGNI1 to that of euploid in order to

better understand the influence of it overexpression in DS. We may also avoid the issues
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related to excessive cell death that occurred using lentivirus. Additionally, we would be
able to cross-validate the data using a alternate approach since off-target effects can occur
with both CRISPR/Cas9 and shRNA, but they will be different.

Normalizing HMGN1 expression, it would be interesting to conduct a genome-
wide analysis of gene expression. Doing this would provide valuable information on
whether all PRC2 target genes are impacted by this gene and reveal any global effects
HMGNI might have. It would also provide valuable information on the level of influence
HMGNI1 has versus other genes triplicated in DS. Isolating the effect of HMGNI on
different cells types or determing specific deposition patterns would also be interesting and
could help explain how certain DS phenotypes are produced. results we did obtain that are
close to significance are promising and call for further research into the role of HMGNI
overexpression in DS. Studies focused on the functional outcomes of the correction of the
PRC?2 target genes (assessment of neuronal migration or apoptotic processes following the
correction) should provide more evidence for the biological causality between the
transcriptomic changes and DS-related phenotypes.

In sum, we found a significant decrease in H3K27me3 in an organoid-model of
trisomy 21 and in human DS-AD tissue, a novel comparison that has not been documented
before. We also demonstrated a causative effect of HMGNI overexpression on the
expression level of various PRC2 target genes, including genes that are already triplicated
in DS, such as APP. This research provides support for a possible antagonistic role of
HMGNI in DS that leads to global changes to the epigenome and impacts the silencing of

PRC2 target genes.
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